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CHAPTER 1 INTRODUCTION 
 The central focus of evolutionary developmental studies is the effects of changes 
in genes and gene regulation on developmental pathways underlying differences of 
morphological traits (Massey and Wittkopp, 2016). By using a synergistic strategy that 
combines molecular, evolutionary and developmental experimental approaches, it is 
now possible to study in detail the molecular mechanisms regulating the evolution of 
specific morphological trait(s). In this regard, insect coloration represents a premier 
model, featuring both the nearly unlimited diversity among species and relatively simple 
modes of regulation (Wittkopp et al., 2003). As insect pigmentation plays critical roles in 
visual communication, it also affects individual’s survival and reproduction (Kronforst et 
al., 2012; Wittkopp and Beldade, 2009).  It is also essential for a wide range of 
physiological processes such as thermotolerance, photoprotection, and desiccation 
resistance (Wittkopp and Beldade, 2009).  Variation in coloration encompasses the 
extraordinary differences in the usage of colors, ranging from brown (in flour beetle, 
Tribolium castaneum) to green (in pea aphid, Acyrthosiphon pisum) to red (in red 
dragonfly, Sympetrum fonscolombii). In addition, other than these inter-specific 
variations, coloration can also vary between populations, between species, between 
individuals within the same population, as well as within the same individual (Wittkopp 
and Beldade, 2009).  Such diversity in pigmentation has enabled insects to successfully 
adapt to a wide variety of environments.  Analyzing the molecular mechanisms 
underlying insect pigmentation has provided emerging insights into diverse branches of 
biology, including ecology, development, evolution, genetics, and physiology (Nijhout, 
1991; Wittkopp and Beldade, 2009).   
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Current understanding of insect pigmentation is to a large degree built upon 
studies on Drosophila melanogaster (Wittkopp and Beldade, 2009; Wittkopp et al., 
2003).  The body pigments in this species, including black, brown and yellow, are all 
produced by the melanin pathway (Wittkopp et al., 2003; Wright, 1987).  The 
characterization of genes within the pathway can be traced to now classical genetic 
experiments, such as observations of color defective phenotypes in the ebony locus 
(Bridges and Morgan, 1923). Over the course of the next 50 years, these observations 
were followed by analysis and interpretation of the enzymatic function of the ebony 
gene (Hodgetts and Konopka, 1973; Jacobs and Brubaker, 1963; Walter et al., 1996; 
Wright, 1987).  As a matter of fact, ebony was only fully characterized by the beginning 
of the 21st century (True et al., 1999; Wittkopp et al., 2002).  Other melanin genes were 
characterized in a similar way, as documented in several reviews (Kronforst et al., 2012; 
Massey and Wittkopp, 2016; Wittkopp and Beldade, 2009; Wittkopp et al., 2003; Wright, 
1987), and these can be credited with providing the means for complete 
characterization of the melanin pathway in Drosophila.  As illustrated in Fig. 1.1, the 
melanin pathway starts with the conversion of tyrosine to DOPA 
(dihydroxyphenylalanine), which is catalyzed by tyrosine hydroxylase (TH).  DOPA can 
either be directly utilized to synthesize the black DOPA melanin, or transformed to 
dopamine by DOPA decarboxylase (DDC).  Dopamine serves as the direct precursor of 
the black/brown dopamine melanin.  The conversions from DOPA and dopamine to the 
dark melanin require the promoting role of the yellow gene.  Alternatively, dopamine can 
also be converted to two other major catecholamine metabolites, NBAD (N-β-
alanyldopamine) or NADA (Nacetyldopamine). The conversion of NBAD is processed 
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via binding β-alanine to dopamine.  This process requires the functions of Ebony 
(catalyzes the binding reaction) and Black (synthesizes β-alanine).  This binding 
reaction can be reversed by Tan, which in turn promotes the synthesis of dark 
dopamine melanin.  In addition to NBAD, dopamine can also be converted to NADA, 
catalyzed by arylalkylamine-N-acetyltransferase (AANAT), which can be further utilized 
to synthesize colorless sclerotin.  All of these catecholamine metabolites, including 
DOPA, dopamine, NBAD and NADA, must be converted to their relevant quinones, 
which are then used to synthesize the pigments and incorporate into the cuticle.  This 
process requires the functions of Phenol Oxidases (PO) (Arakane et al., 2005).  These 
genes described above compose the core part of the melanin pathway, which is 
essential for the generation of the diversity in coloration between and within Drosophila 
species (Wittkopp et al., 2003; Wright, 1987). 
 
Fig. 1.1. A summary of the melanin pathway in insects, redrawn from Wright (1987).  
Dashed lines represent the multi-step biochemical reactions within the conversions from 
precursors (DOPA, dopamine, NBAD, and NADA) to the final pigments (Liu et al., 
2016). 
Functional studies in Tribolium, Bombyx, Monochamus and Apis, as well as 
expressional studies in lepidopterans have also found the presence of melanin pathway 
genes in the dark coloration of these species (Arakane et al., 2010; Arakane et al., 
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2009; Arakane et al., 2005; Barbera et al., 2013; Elias-Neto et al., 2010; Ferguson et al., 
2011a; Ferguson and Jiggins, 2009; Ferguson et al., 2011b; Futahashi et al., 2010; 
Futahashi and Fujiwara, 2005; Gorman and Arakane, 2010; Hines et al., 2012; Niu et 
al., 2008; Zhan et al., 2010).  These findings suggest that the pigmentation role of the 
melanin pathway is conserved among holometabolous insects.  In contrast, few studies 
have analyzed the pigmentation roles of melanin pathway in hemimetabolous insects 
(Futahashi et al., 2011).  Due to such lack of knowledge, how the melanin pathway 
originated and how it evolved from basal insects are still currently unclear. 
In addition to the melanin pathway, previous studies have found two other 
essential pigmentation mechanisms in Drosophila melanogaster: ommochrome and 
pteridine (Linzen, 1974; Summers et al., 1982; Ziegler, 1961).  These two pathways are 
utilized exclusively for eye coloration in this species: the ommochrome pathway 
provides brown coloration, whereas the pteridine pathway contributes to red coloration 
(Fig. 1.2).  Mutations in essential ommochrome genes result in red eye color, whereas 
mutations of pteridine genes cause brown eye phenotype (Summers et al., 1982).  
The ommochrome pathway starts with the conversion from tryptophan to formyl 
kynurenine, catalyzed by tryptophan oxidase (encoded by gene vermilion) (Fig. 1.2).  
Then formyl kynurenine is processed by several enzymes, including kynurenine 
formamidase and kynurenine 3-hydroxylase (encoded by gene cinnabar), into 3-hydroxy 
kynurenine (3-OHK).  3-OHK is a precursor of ommochrome pigments: xanthommatin 
and dihydroxanthommatin.  The conversions from 3-OHK to final pigments are still yet 
to be determined.  Unlike the melanin pathway, which incorporates pigments directly 
into the non-cellular cuticle, the ommochrome coloration is established in granules 
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contained inside the tissue cells.  The assembly of granules requires the functions of a 
heterodimer formed by two ATP-binding-cassette transporters (ABC transporters), 
encoded by genes scarlet and white, respectively (Ewart and Howells, 1998).  Mutation 
in these two transporter genes result in the loss of ommochrome coloration, which is 
thought to be caused by the failure in assembling granules (Ewart et al., 1994; Ewart 
and Howells, 1998).  However, the underlying mechanisms, especially the biochemical 
reactions of taking place inside the granules, remain largely unknown so far.   
 
Fig. 1.2. The hypothetical ommochrome pathway and pteridine pathway in Drosophila 
(Ewart and Howells, 1998; Kim et al., 2013; Reed and Nagy, 2005) (Left) The 
ommochrome pigment is originated from tryptophan.  This precursor is converted to 3-
hydroxykynurenine (3-OHK) by a series of enzymes, including the ones encoded by 
genes vermilion and cinnabar.  3-OHK is then transported into granules by Scarlet and 
White to produce final establishment of ommochrome coloration in the granules.  (Right) 
The pteridine pathway is initialized from the conversion of GTP to 7,8-dihydroneopterine 
triphosphate (H2-NTP), by GTP cyclohydrolase I (encoded by gene Punch).  This 
substrate might serve as the precursor for multiple pteridine pigments. Final 
establishment of pteridine coloration also requires the assembly of granules, where 
White and Brown serve as the transporters.   
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In non-Drosophila species, biochemical and expression studies have detected 
the presence of ommochrome pathway in other body regions.  Its pigmentation role has 
been found associated with the orange patterns in the wings of butterflies Papilio and 
Heliconius, as well as the red/orange coloration in the abdomen of red dragonflies 
(Futahashi et al., 2012; Nijhout, 1997; Reed and Nagy, 2005).  In contrast, functional 
analyses have only been performed in grasshoppers and beetles (Tribolium), where 
ommochrome pathway has been shown to contribute to the eye coloration exclusively 
(Dong and Friedrich, 2005; Grubbs et al., 2015; Lorenzen et al., 2002).  Taken together, 
if and to what degree the ommochrome pathway can be involved in coloration other 
than the eyes, remains generally unknown.  
In addition to ommochrome, the pteridine pigments were also revealed to 
contribute to eye color in Drosophila (Ziegler and Harmsen, 1970).  The pteridine 
pathway starts with the conversion from guanosine-50-triphosphate (GTP) to 7,8-
dihydroneopterin triphosphate (H2-NTP), catalyzed by GTP cyclohydrolase I (encoded 
by gene Punch).  H2-NTP is then involved in branches of conversions that lead to 
various pteridine pigments (Fig. 1.2). A total of five different pteridine pigments have 
been found in Drosophila: Drosopterin, Aurodrosopterin, neodrosopterin, isodrosopterin, 
and fraction e (Kim et al., 2013).  How these pigments are produced, though, still 
remains largely unknown.  Only a small portion of the synthesizing mechanisms of 
drosopterin, isodrosopterin and aurodrosopterin has been characterized, including the 
conversion from H2-NTP to 6-pyruvoyl by the activity of tetrahydropterin synthasegene 
(encoded by gene purple) (Kim et al., 2013).  The establishment of pteridine coloration 
also requires the input from the heterodimer formed by ABC transporters.  This 
7 
 
heterodimer is formed by the products of brown and white genes (Dreesen et al., 1988; 
Ewart and Howells, 1998).  Note that white is shared between the ommochrome and 
pteridine granules.  Mutations in the white gene cause failure in production of both 
pigments, resulting in white-eye phenotype in Drosophila (Ewart et al., 1994; Ewart and 
Howells, 1998; Summers et al., 1982).  In non-dipteran insects, the information on the 
pteridine pathway is very limited, with only a handful of studies in Bombyx and plerid 
butterflies providing a molecular insight (Kato et al., 2006; Morehouse et al., 2007). 
Overall, among the three major pigmentation mechanisms, the contribution of the 
pteridine pathway to insect coloration remains least understood.  
Although melanin, ommochrome and pteridine have long been recognized as the 
major components of insect coloration, these pigments have been traditionally studied 
in isolation from one another (Kato et al., 2006).  And yet, many insects utilize multiple 
pigment pathways to establish their overall color patterns.  For this reason, it is critical to 
gain an insight into how different pathways are coordinated in a single species.  Such 
research has only been initiated recently in Bombyx (Kato et al., 2006), where it has 
been reported that changes in pteridine pathway may in turn alter the melanin and 
ommochrome production.  In addition, the genetically tractable model systems such as 
Drosophila and Tribolium have a rather limited color palette, whereas species with rich 
coloration (such as Heliconius butterflies) generally lack the ability to perform functional 
studies.  As a result, whether or not the insight from model systems can be applied to 
species with complex color patterns is yet to be determined.  Furthermore, most of the 
primarily studied species, including flies, beetles, and lepidopterans, belong to 
holometabolous groups, which establish coloration only once at larval stage and/or once 
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at adult stage.  In contrast, the coloration of hemimetabolous insects is re-established 
multiple times during nymphal and adult stages, is poorly understood.  Therefore, 
building a hemimetabolous model system is critical for determining the degree of 
conservation in pigmentation mechanisms between holometabolous and 
hemimetabolous species.  
To bridge the above gaps in the current understanding of insect coloration, we 
utilized a hemimetabolous species Oncopeltus facsiatus (milkweed bug) as a new 
model for studying the evolution and divergence of insect pigmentation.  Oncopeltus is 
very well suited for such a purpose, as functional experiments (via RNAi) are highly 
effective in this species.  Furthermore, it has striking orange/black aposematic 
coloration that serves as a warning signal in “advertising” its distastefulness to predators 
(Berenbaum and Miliczky, 1984; Sexton et al., 1966).  Hence, by characterizing the 
pigmentation pathways underlying orange/black color patterns in Oncopeltus, we will 
also gain general insights into the genetic regulation of aposematic coloration in insects.  
In this dissertation, we performed comprehensive analyses on all three pigmentation 
pathways: melanin, ommochrome, and pteridine.  In Chapter 2, we analyzed the 
fundamental enzymes in the melanin pathway, including TH, DDC and Lac2.  The 
results obtained show that the black coloration of Oncopeltus comes solely from the 
melanin pathway, whereas other pathways generate the orange coloration.  We also 
investigated the color patterning in adult wings, which showed that the wing color 
patterns are generated via a two-step process: 1) the relevant enzymes must be pre-
located and activated on the pre-eclosion wings; 2) after eclosion, the melanin 
precursors are distributed to the mature wings through the veins, allowing the enzymes 
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to catalyze the synthetic reactions to produce final pigments.  In Chapter 3, we 
determined the functions of modifier genes within the melanin pathway that can either 
suppress (ebony, black and aaNAT) or promote (yellow and tan) melanin formation.  
The results showed that unlike in the model species, where these modifier genes are 
essential for color patters throughout every body region, their pigmentation roles in 
Oncopeltus are exhibited in a region-specific manner.  This finding provides a novel 
insight into the strategy of black patterning in insect coloration where different parts of 
the melanin pathway are employed in distinct body regions.  In Chapter 4, we performed 
functional analyses on the ommochrome genes (vermilion, cinnabar and scarlet) and 
pteridine genes (Punch, purple, white and brown) to determine their pigmentation roles 
in Oncopeltus.  We found that although both pathways contribute to the eye color, they 
are employed at different developmental stages.  In addition, the pigmentation function 
of the pteridine pathway extends into the orange coloration in the wings and other body 
regions.  These pteridine pigments, together with the melanin products in the cuticle, 
form a two-layer overlay that generates the final orange/black patterns in Oncopeltus 
adults. This multi-layer concept can be generally applied to a wide range of species, 
and provides a working framework for future pigmentation studies of multi-colored 
insects. 
Overall, the work described here has now established Oncopeltus as a new 
model for studies of insect coloration.  For the first time, all of the three main 
pigmentation pathways have been functionally studied in a single species, laying out a 
foundation for future work on the upstream regulatory mechanisms.  Furthermore, the 
generated insights provided new concepts that can be applied to any study with a focus 
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on insect pigmentation.  First, we had demonstrated that a single pathway can be 
divided into different branches that are utilized in region-specific and/or developmental 
stage-specific ways. While other studies have primarily focused on the inter- or intra-
species perspectives, our findings provide a first insight into how such diversity can be 
generated during ontogenesis in a single individual. Second, although the functions of 
the single genes within a synthesis pathway are conserved among species, we found 
that the assembly of the pathway itself (such as number of involved genes and position 
of specific reactions, etc.) can be modified through evolution.  For example, while the 
pteridine pathway did not originally encompass brown (as evidenced by results in 
Oncopeltus), this gene has been subsequently recruited in more derived species such 
as Drosophila. Lastly, our data have shown how different synthesis pathways are 
coordinated together to generate a particular color pattern within a specific body region.  
This finding highlights the necessity of combinatorial analyses involving multiple 
mechanisms when studying the molecular basis of coloration divergence. Taken 
together, the present studies not only provided new insights into insect pigmentation, 
but also addressed fundamental evo-devo questions, which in turn, can further our 
understanding of evolution and divergence of morphological traits in nature. 
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CHAPTER 2 THE GENETIC CONTROL OF APOSEMATIC BLACK PIGMENTATION 
IN HEMIMETABOLOUS INSECTS: INSIGHTS FROM ONCOPELTUS FASCIATUS 
The contents of this chapter have been published in Evolution & Development. 
Liu, J., Lemonds, T. R. and Popadic, A. (2014). The genetic control of aposematic 
black pigmentation in hemimetabolous insects: insights from Oncopeltus fasciatus. Evol 
Dev 16, 270-277. 
Abstract 
 Variations in body pigmentation, encompassing both the range of specific colors 
as well as the spatial arrangement of those colors, are among the most noticeable and 
lineage-specific insect features.  However, the genetic mechanisms responsible for 
generating this diversity are still limited to several model species that are primarily 
holometabolous insects.  To address this lack of knowledge, we utilize Oncopeltus 
fasciatus, an aposematic hemimetabolous insect, as a new model to study insect 
pigmentation.  First, to determine the genetic regulation of black pigment production in 
Oncopeltus, we perform an RNAi analysis on three core genes involved in the melanin 
pathway, tyrosine hydroxylase (TH), dopa decarboxylase (DDC), and laccase 2 (lac2).  
The black pigmentation is affected in all instances, showing that the black pigments in 
this species are derived from the melanin pathway.  The results of the DDC RNAi are 
particularly informative because they reveal that it is Dopamine melanin, not DOPA 
melanin, which is the predominant component of black pigments in Oncopeltus.  
Second, we test whether pigmentation follows a two-step model where the spatial pre-
mapping of enzymatic activity is followed by vein-dependent transportation of melanin 
substances.  We confirm the existence of the first step by observing that premature 
wings develop black pigmentation when exposed to melanin precursors.  In addition, we 
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provide evidence for the second step by showing that wing melanin patterning is 
disrupted when vein transportation is halted.  These findings bring novel insights from a 
hemimetabolous species and establish a framework for subsequent studies on the 
mechanisms of pigment production and patterning responsible for variations in insect 
coloration. 
Introduction 
 Pigmentation is one of the most conspicuous and variable features of insect 
diversity, playing essential functions in a variety of behavioral, physiological, and 
reproductive processes (Nijhout, 1991). Although highly diverse, variations in insect 
pigmentation are generated through a common mechanism that encompasses both 
pigment patterning and pigment production (Wittkopp and Beldade, 2009).  Because 
most of the available genetic information was generated from the studies in model 
species such as Drosophila, which not only have a limited color spectrum but also 
undergo a more derived holometabolous development, it is unclear whether this 
mechanism is broadly applicable to other insect lineages.  
 Pigment patterning is determined by regulatory factors, which directly or indirectly 
control the spatial distribution of enzymes involved in pigment biosynthesis (Wittkopp 
and Beldade, 2009).  In Drosophila, wing patterning follows a two-step model, described 
by True et al. (1999).  First, the enzymes are pre-patterned prior to the initialization of 
wing pigmentation.  Then, in newly molted adults, the precursors are transported 
through the wing veins and gradually diffuse out into the wing tissue, allowing the pre-
patterned enzymes to oxidize the precursors forming dark brown or black patterns.  At 
present, the role of vein transport in pigment patterning is still not fully understood due 
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to a limited number of studies that provided conflicting results.  As previously reported, 
the disruption of this transport in Drosophila and the swallowtail butterfly Papilio, by 
either genetic or surgical means, resulted in abnormal color patterns in the wing regions 
associated with the affected veins (Koch and Nijhout, 2002; True et al., 1999).  
However, in the brush-footed butterfly Heliconius, mutants with severe vein deficiency 
do not display significant alteration in wing coloration, suggesting that wing patterning 
may be vein independent in this species (Reed and Gilbert, 2004).  Such contradictory 
findings make it hard to generalize whether the two-step model is also applicable to 
other insect species.  
 Most of our insight into pigment production comes from Drosophila. In this 
species, all body and wing pigments are produced by the melanin pathway (Riedel et 
al., 2011; True et al., 2005; Wittkopp et al., 2003; Wittkopp et al., 2002; Wright, 1987).  
As illustrated in Fig. 2.1, the first step of the melanin pathway is the conversion of 
tyrosine to DOPA (dihydroxyphenylalanine) by tyrosine hydroxylase (TH).  DOPA can 
either be directly utilized to synthesis black DOPA melanin, or converted to Dopamine, 
which is catalyzed by DOPA decarboxylase (DDC).  Dopamine, in turn, can be 
converted into two other major catecholamine metabolites, NBAD (N-β-
alanyldopamine) or NADA (N-acetyldopamine).  Finally, Phenol Oxidases (PO) change 
these products to their relative quinones, which are then converted to Dopamine 
melanin (brown/black pigment), NBAD sclerotin (yellow), or NADA sclerotin (colorless), 
respectively.  Additional functional data from Tribolium, Apis, and Monochamus 
(Arakane et al., 2009; Arakane et al., 2005; Elias-Neto et al., 2010; Gorman and 
Arakane, 2010; Niu et al., 2008; Roseland, 1987), in combination with recent expression 
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studies suggest that the melanin pathway might also be involved in pigmentation in 
other holometabolous groups (Ferguson et al., 2011b; Futahashi et al., 2010; Futahashi 
and Fujiwara, 2005; Shirataki et al., 2010; Yu et al., 2011).  However, much less genetic 
data has been reported in hemimetabolous insects except a functional report showing 
that laccase 2 (lac2), a phenol oxidase, is involved in cuticular pigmentation in stinkbug 
species (Futahashi et al., 2011). 
 Our understanding of the molecular mechanism of aposematism, which is one of 
the most successful anti-predator adaptations in insects, remains extremely limited. 
Model species such as Drosophila or Tribolium, in which genetic tools are readily 
available, do not display any striking coloration.  In contrast, in traditional aposematic 
model insects such as Heliconius, a functional approach is not yet feasible.  To fill in this 
gap we utilized Oncopeltus facsiatus (milkweed bug) as a new model for studying the 
evolution and divergence of insect pigmentation in a more basal insect group.  
Oncopeltus is ideally suited for such a purpose being a hemimetabolous species in 
which functional experiments (via RNAi application) are highly effective.  Furthermore, 
its orange/black aposematic coloration is relatively simple, allowing for an easy and 
direct molecular analysis of specific warning patterns.  
 In the first half of this study, we tested the role of the melanin pathway in the 
black pigmentation in Oncopeltus. We performed an RNAi analysis to examine the 
functions of three essential enzymes in this pathway: TH, DDC, and lac2 (Arakane et 
al., 2005; Elias-Neto et al., 2010; Futahashi et al., 2011; Niu et al., 2008; Wright, 1987) .  
Our results establish that in Oncopeltus black coloration is produced via the melanin 
pathway, with Dopamine as the predominant contributor to the black pigmentation.  
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Also, we tested if the Drosophila two-step wing melanin patterning model is applicable 
to Oncopeltus.  Our results show that both the pre-mapping of melanization enzymes as 
well as the vein-dependent elaboration exist in this species.  Overall, these observations 
suggest that the production of black pigmentation, as well as the two-step wing 
patterning model may be general mechanisms that are used across all insect lineages. 
 
Figure 2.1. The summary consensus view of melanin biosynthesis pathway in 
Drosophila (Wittkopp et al., 2003; Wright, 1987). 
Meterials and Methods 
Cloning and Sequence Analysis of cDNA Fragments 
 The total RNA extraction, production of cDNA, RT-PCR, and cloning were 
performed as described previously by Li and Popadic (Li and Popadic, 2004).  Two 
rounds of nested-PCR were utilized to obtain the cDNA fragments of TH, DDC, and 
lac2. For details on primers and PCR conditions, please refer to Liu et al.(2014).. 
Identities of these Oncopeltus genes were confirmed by a phylogenetic analysis (Fig. 
2.2). 
RNA interference (RNAi)  
 For details on RNAi injections, please refer to Liu et al (2014).  
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Figure 2.2. Phylogenetic relationships between Tribolium and Oncopeltus melanin 
pathway genes.  Phylogeny was inferred using Neighbor Joining method based on 
amino acid sequences. Branch support values are bootstrap percentages from 500 
replicates. 
RT-PCR Analysis 
 Independent RT-PCR analyses were performed to determine the efficiency of our 
RNAi approach (Fig. 2.3). For details on preparation of total RNA, cDNA, as well as 
primers and PCR conditions, please refer to Liu et al (2014). 
In Vitro Induction of Wing Pigmentation 
 This assay was performed following the approach described by Walter et al. 
(1996).  The wing tissues were dissected from late 5th nymphs and fixed for 30 min with 
freshly made 4% formaldehyde in PBS (140 mM NaCl, 2mM KCl, 1.4mM KH2PO4, 
8.1mM Na2HPO4, pH 7.5) containing 10% sucrose.  This was followed by two washes in 
PBS+10% sucrose.  After these washes, one forewing and hindwing from the same 
individual were incubated in a fresh solution of PBS+10% sucrose containing either 
5mM L-DOPA or 5mM Dopamine (SIGMA).  As a control, the other set of wings from 
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the same individual were incubated in the same buffer but without the added 
precursors.   
Vein Cutting 
 Within one hour after molting, the subcostal and radial-medial veins of forewings 
and the radial and medial veins of hindwings were cut using scissors.  The wings were 
then left attached to the body for 3-4 hours or 24 hours, after which they were removed 
for observation.  
 
Fig. 2.3. RT-PCR analysis of TH, DDC, laccase 2 (lac2), and tyrosinase (Tyr) mRNA in 
5th nymphs of Oncopeltus.  Only trace levels of each gene transcripts were detected in 
RNAi individuals compared to wild types.  
Results 
Functions of tyrosine hydroxylase (TH), dopa decarboxylase (DDC) and laccase 2 
(lac2) in production of black pigmentation in Oncopeltus 
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 The body and wings of Oncopeltus display alternating black and orange 
coloration (Fig. 2.4A1-A2).  The head is characterized by a V-shaped orange stripe 
flanked by black pigmentation on its dorsal surface (Fig. 2.4A3).  The dorsal plates of 
the thoracic segments are primarily black, with the exception of the lateral edge on the 
prothorax (T1) and the posterior tip of the mesothorax (T2) that are orange (Fig. 2.4A4).  
From the lateral side, the thoracic plates are almost completely black (Fig. 2.4A5).  In 
contrast, the abdomen is mainly orange with several rectangular black patches on the 
ventral side (Fig. 2.4A6).  In order to examine whether the melanin pathway is involved 
and to what degree it is generating the black wing and body pigmentation in 
Oncopeltus, we performed a functional analysis (via RNAi) on the core enzymes in the 
pathway. 
 First, we studied the role of TH, the enzyme catalyzing the initial step of the 
entire melanin pathway.  Of the 44 injected bugs, 32 survived to adulthood and the most 
representative phenotype is illustrated in Fig. 2.4B. The TH RNAi adults display a 
complete absence of black pigmentation (Fig. 2.4B1).  Specifically, the distinct black 
patterns that are present in WT are now completely lost in both pairs of wings (Fig. 
2.4B2), head (Fig. 2.4B3), thorax (Fig. 2.4B4-B5), and abdomen (Fig. 2.4B6).  These 
results establish that all of the black pigmentation in Oncopeltus is generated solely 
from the melanin pathway.  
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Fig 2.4. Functions of TH, DDC, and lac2 in Oncopeltus adults. (A1-A6) Wild type 
Oncopeltus shows alternating black-orange patterning.  The distinct black patterns are 
established in the wings (A2), head (A3), dorsal thorax (A4), lateral thorax (A5), and 
ventral abdomen (A6).  (B1-B6) TH RNAi adults show a complete loss of black 
pigmentation in the whole body.  (C1-C6) DDC RNAi adults display a significant 
reduction of black coloration.  (D1-D6) lac2 RNAi adults show that black pigmentation is 
abolished. The black legs and antennae are the residuals of un-removed exoskeleton. 
Scale bars: 1mm (A1, A2, B1, B2, C1, C2, D1, D2); 500μm (A3-A7, B3-B7, C3-C7, D3-
D7). Abbreviations: FW, forewing; HW, hindwing; T1, prothorax; T2, mesothorax. 
 Since DOPA and Dopamine are believed to be the two direct precursors of black 
melanin (Walter et al., 1991; Wright, 1987), we examined their individual contributions in 
Oncopeltus.  As described in Fig. 2.1, DDC converts DOPA to Dopamine, hence 
knocking down this enzyme should cause the irreversible loss of Dopamine.  
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Consequently, any black coloration observed in DDC RNAi adults is solely produced by 
DOPA.  As shown in Fig. 2.4C1-C6, DDC RNAi individuals display a severe reduction in 
black coloration, which encompasses the whole body.  This was observed in all of the 
33 surviving adults.  Such result shows that Dopamine is the main contributor to black 
pigmentation in Oncopeltus, whereas the remaining grayish coloration can be attributed 
to DOPA.  
 The above observations confirm that the melanin precursors contribute to black 
pigments in Oncopeltus.  However, these precursors still need to be oxidized into 
quinones, which are in turn incorporated into the cuticle matrix (Andersen, 2010).  The 
lac2 gene, a phenol oxidase, was reported to be critical in completing the cuticular 
melanization process in several insect species (Arakane et al., 2005; Elias-Neto et al., 
2010; Futahashi et al., 2011; Niu et al., 2008; Tomoyasu et al., 2009).  To determine its 
function in Oncopeltus, we performed lac2 RNAi experiments (Fig. 2.4D1-D6).  Out of 
32 injected individuals, 19 survived into adults. While 14 of them could not molt 
completely, they could still live for 2-3 days allowing us to remove most of the residuals 
of exoskeleton to analyze the body and wing pigmentation (Fig 2.4D1). These 
individuals display an absence of black pigmentation across the whole body (Fig. 
2.4D2-D6), confirming that lac2 is essential for melanization in this species as well.  
Tyrosinase (TYR), another phenol oxidase present in insects, is also believed to be 
involved in the melanization process (Andersen, 2010). To test the role of this additional 
phenol oxidase in Oncopeltus body melanization, we performed RNAi experiments. Our 
results showed identical black pigmentation patterns as observed in wild type (Fig. 2.5), 
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indicating that it is lac2, and not TYR, which is the essential phenol oxidase that 
governs cuticular melanization in this species.  
 In addition to significantly affecting black pigmentation in RNAi adults, the 
depletion of TH, DDC, or lac2 (confirmed by our RT-PCR control, as shown in Fig. 2.3) 
also causes a slight reduction on the overall orange pigmentation (Fig. 2.4B1-D6).  
These observations suggest that the melanin pathway also plays a minor role in the 
orange pigmentation in Oncopeltus.  
 
Fig. 2.5. The Oncopeltus tyrosinase (tyr) RNAi phenotype. Tyr RNAi adults (B) have no 
significant changes in black pigmentation, compared to WT (A). 
Wing black pigment patterning requires vein transportation in Oncopeltus 
 Previous conflicting reports make it unclear if the wing veins are essential in the 
wing melanization process (True et al., 1999).  To determine the role of veins in wing 
melanization in Oncopeltus, we first determined the dynamics of attaining black 
pigmentation in freshly molted wild type adults.  An hour after eclosion has occurred, 
these appendages still lack black coloration (Fig. 2.6A).  In contrast, the characteristic 
orange pattern on the forewings is already present at this stage.  The beginning of wing 
darkening starts three to four hours post eclosion (Fig. 2.6C1), when both pairs of wings 
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begin to turn grey.  The darkening of tissue continues to increase and wings obtain an 
intense black color within 24 hours (Fig. 2.6C2).  From this stage on, the final black 
pigmentation levels are reached and wing coloration becomes permanent.  
 Wing pigment patterning was previously shown to be vein-dependent in 
Drosophila (True et al., 1999), but not in Heliconius (Reed and Gilbert, 2004).  To 
determine which of the two mechanisms is present in Oncopeltus we interrupted the 
vein transportation by performing surgical cuts on freshly eclosed wings (corresponding 
to stage depicted in Fig. 2.6A).  The subcostal and radial-medial veins of forewings and 
the radial and medial veins of hindwings were severed (arrowheads in Fig. 2.6B).  The 
effects of surgery become noticeable within three hours, with the affected regions 
localized in the anterior half of each wing (dotted areas in Fig. 2.6D1).  In forewings, 
there are two significantly lighter grey regions: a smaller one immediately adjacent to 
the cut and a larger one encompassing the distal half (compare Fig. 2.6C1 vs. Fig. 
2.6D1).  In a similar fashion, there is a complete loss of grey coloration in the distal 
region of hindwings delineated by the radial and medial veins.  By the 24 hours mark, 
these affected regions in both forewing and hindwing do become darker – but they 
never reach the levels of black pigmentation in the unaffected, posterior wing regions 
(compare dotted areas in Fig. 2.6D2 to regions immediately posterior to them).  These 
observations show that the vein transportation is critical for completing melanin 
patterning in Oncopeltus wings. 
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Fig 2.6. Black patterning of Oncopeltus wings is vein dependent.  (A) Freshly molted 
adults have an alternating orange-white forewing and colorless hindwing.  (B) The basic 
outline of veins, with cut sites represented by black arrowheads.  The names of the 
veins are originated from Nivedita (1982).  (C1-C2) The appearance of untreated wings 
3-4 hr and 24 hr after molting, respectively.  (D1-D2) Forewing with subcostal and 
radial-medial veins and hindwing with radial and medial veins surgically cut have black 
patterns disrupted in the subregions distal to the cutting sites (dotted areas).  Such 
disruptions cannot be completely rescued even after 24 hrs, indicating that the black 
patterning process of Oncopeltus wings requires vein transportation. Scale bars: 1mm. 
Abbreviations: FW, forewing; HW, hindwing; Sc, subcostal; R, radial; M, medial; Cu, 
cubital.  
Premature Oncopeltus wings can develop black pigmentation in vitro by 
supplying melanin precursors  
 According to (True et al., 1999), prior to the eclosion of wings, the enzymes for 
black pigmentation are pre-localized in immature wings.  In order to determine if such a 
process is also present in Oncopeltus, we performed an in vitro induction of wing 
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pigmentation.  Wings were dissected from late 5th nymphs and incubated in DOPA or 
Dopamine.  As shown in Figs. 2.7A, B1, and B2, wings incubated in buffer alone did not 
develop any black pigmentation, whereas incubation with either precursor (DOPA or 
Dopamine) resulted in black pigmentation albeit with different levels of intensity.  Wings 
exposed to DOPA (Fig. 2.7B1) were significantly lighter than the wings incubated with 
Dopamine (Fig. 2.7B2), which is consistent with our DDC RNAi observation (Fig. 2.7D1-
D6).   
 The incubation of TH RNAi or DDC RNAi wings showed similar levels of 
melanization when compared to wild type wings (Fig 2.7C1-D2). On the other hand, the 
wings from lac2 RNAi 5th nymphs failed in producing black pigmentation under exposure 
to either of these two melanin precursors (Fig. 2.7E1-E2).  These observations suggest 
that the “production genes”, such as lac2 are essential to oxidize the precursors and 
need to be pre-localized in premature wings before eclosion in Oncopeltus.  While the 
“precursor enzymes” such as TH and DDC may also be pre-localized, the present data 
does not provide for a definitive answer in that regard.  Together with the previously 
shown vein-dependent elaboration of melanin substances, these experiments suggest 
the presence of a two-step wing melanin patterning model in Oncopeltus. 
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Fig 2.7. Pre-mature Oncopeltus wings can develop black pigmentation with 
exogenously supplied melanin precursors.  All wings were dissected from late 5th 
nymphs. (A) Wings incubated in buffer without melanin precursors were used as a 
background control. (B1) Wings incubated in DOPA develop a low level of black 
pigment. (B2) Wings incubated in Dopamine develop a much stronger black 
pigmentation than the ones incubated in DOPA. (C1-D2) Similar results can be 
observed in TH RNAi and DDC RNAi wings. (E1, E2) lac2 RNAi wings failed to 
generate any black pigment when incubated with DOPA or Dopamine. Scale bars: 
500μm. Abbreviations: FW, forewing; HW, hindwing. 
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Discussion 
Black pigment is produced via melanin pathway in Oncopeltus 
 Functional studies in Drosophila and Tribolium (True et al., 1999; True et al., 
2005; Wittkopp et al., 2003; Wittkopp et al., 2002; Wright, 1987), suggest that the core 
part of the melanin pathway may be conserved among holometabolous insect species.  
In both species TH triggers the transformation of tyrosine to DOPA and DDC transforms 
DOPA into Dopamine, whereas PO is required for the conversion of melanin precursors 
to cuticular melanins.  Our RNAi experiments in Oncopeltus show that the depletion of 
TH, DDC, and lac2 causes the loss of black pigmentation, indicating the pivotal roles of 
these genes in Oncopeltus melanization (Fig. 2.4). In addition, our observations that TH 
RNAi and DDC RNAi wings developed black melanin through in vitro incubation with 
melanin precursors whereas lac2 RNAi wings did not, further support the different 
positions of these three genes in the melanin pathway.  That is, TH and DDC are 
“precursor enzymes” that produce substrates for subsequent melanization reactions, 
whereas lac2 belongs to “production enzymes” that act on the precursors. Taken 
together, our findings imply that the basic components of melanin production in insects 
may have a single common origin.   
 In spite of the overall progress in understanding the melanization across different 
insects, the identity of the main precursor of black melanin remains an unresolved issue 
(Gibert et al., 2007).  In the original studies of black pigmentation in Drosophila, DDC 
mutants were shown to generate only a low intensity of black pigment (gray), leading to 
the proposal that Dopamine melanin is the main component of black melanin (Walter et 
al., 1996; Wright, 1987).  However, the follow-up analyses emphasized that the 
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contribution of DOPA to black melanin should be equally important as Dopamine 
(Wittkopp et al., 2003; Wittkopp et al., 2002).  Of these two possibilities, our DDC RNAi 
study follows the original one, which showed that the contribution of DOPA to black 
pigment is quite limited and it is Dopamine that generates the majority of black pigments 
in Oncopeltus.  While the latter results seem to swing the pendulum toward Dopamine 
as the main precursor, it will be important to confirm the generality of this insight through 
the sampling of additional hemimetabolous lineages.  
 The above discussion mainly focuses on the relationship between the melanin 
pathway and black pigment production.  However, this pathway accounts only for a 
portion of the extraordinary range of colors that are present in insects.  In classically 
studied aposematic species such as Precis and Heliconius, the warning colorations are 
thought to be produced independently from the melanin pathway (Ferguson and Jiggins, 
2009; Nijhout, 1997; Reed and Nagy, 2005). Our observations in Oncopeltus, showing 
that TH, DDC, or lac2 RNAi cause a very subtle reduction in orange coloration (Fig. 
2.4), indicate that the melanin pathway plays only a minor role in orange pigmentation.  
Since the majority of orange color is still present in these RNAi individuals, the bulk of 
this pigment is generated by other pigmentation pathways.  One possible component 
might be ommochrome, as reported in butterflies (Ferguson and Jiggins, 2009; Nijhout, 
1997; Reed and Nagy, 2005) and red dragonflies (Futahashi et al., 2012).  Another 
candidate is carotenoid, as indirectly suggested by studies in the pea aphid, 
Acyrthosiphon pisum (Moran and Jarvik, 2010; Novakova and Moran, 2012).  However, 
these studies were only able to correlate either of the two proposed candidates to 
orange/red regions of the insect body without providing direct functional data showing a 
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causal effect.  Thus, a follow up step in further developing Oncopeltus as a model for 
aposematic coloration would be to utilize the RNAi approach to determine the origin of 
residual orange pigments.  This would significantly expand our overall understanding of 
the diversity of insect pigmentation and the genetic mechanisms responsible. 
Wing melanin patterning in Oncopeltus is processed via a two-step model 
 Our current understanding of the mechanism regulating insect wing pigment 
patterning is restricted to Drosophila, on which the proposed two-step model is based 
(True et al., 1999).  The first step involves the early pre-patterning of melanin enzyme 
activity.  The second step is the vein-dependent transportation of melanin substances. 
In our study, the existence of the first step in Oncopeltus is supported by the fact that 
pre-mature wings can develop black pigmentation when melanin precursors are 
provided exogenously (Fig. 2.7).  Confirmation of the second step is provided by our 
observations from the vein-cutting assay, showing that the melanization in areas of the 
wing downstream of the cut locations is affected by the physical damages to the veins 
(Fig. 2.6).  When combined with insights from Drosophila, our results indicate that the 
two-step model may be shared between holometabolous and hemimetabolous species. 
 The previous studies in Drosophila and Heliconius provided conflicting views on 
the actual significance of vein transportation in wing melanization (Reed and Gilbert, 
2004; True et al., 1999).  As illustrated in Fig. 2.6, the vein cutting assay clearly 
confirms that vein transportation is required for melanin patterning in Oncopeltus wings.  
We also observe that on pre-melanized Oncopeltus wings, black bristles are already 
present (Fig. 2.8).  A similar result was reported in Drosophila vein mutants (True et al., 
1999), suggesting not only that bristle and wing tissue melanization are separated – but 
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also that the former process is generated by a vein-independent mechanism.  The 
presence of such a mechanism in Heliconius could provide for an alternative 
explanation of the situation observed in this species, in which vein deficiency did not 
seem to affect melanin patterns.  Assuming that the black wing coloration in butterflies 
is comprised solely of black scales (Janssen et al., 2001), which are reported to be 
modified bristles (Galant et al., 1998), then such observations may result from bristle 
melanization.  Therefore, two different processes might co-exist during the wing melanin 
patterning in insects: bristle melanization, which is vein transportation independent and 
wing tissue melanization, which requires vein transportation.   
ACKNOWLEDGEMENTS 
We thank Jim Marden for help with cloning of the orthologues gene fragments in 
Oncopeltus and Patricia Wittkopp for helpful comments on the manuscript.  This work 
was supported in part by NIH grant GM071927 to A.P. and WSU Rumble Fellowship to 
J. L. 
 
Fig. 2.8. In wild type, bristles on the Oncopeltus forewing attain black pigmentation well 
before the melanization of a wing tissue.  (A) Pre-melanized forewing of Oncopeltus. (B) 
Magnified image of the box in A.  
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Abstract 
Diversity in insect pigmentation, encompassing a wide range of colors and spatial 
patterns, is among the most noticeable features distinguishing species, individuals, and 
body regions within individuals.  In holometabolous species, a significant portion of such 
diversity can be attributed to the melanin synthesis genes, but this has not been 
formally assessed in more basal insect lineages.  Here we provide a comprehensive 
analysis of how a set of melanin genes (ebony, black, aaNAT, yellow, and tan) 
contributes to the pigmentation pattern in a hemipteran, Oncopeltus fasciatus. For all 
five genes, RNAi depletion caused alteration of black patterning in a region-specific 
fashion.  Furthermore, the presence of distinct non-black regions in fore- and hindwings 
coincides with the expression of ebony and aaNAT in these appendages.  These 
findings suggest that the region-specific phenotypes arise from regional employment of 
various combinations of the melanin genes.  Based on this insight, we suggest that 
melanin genes are utilized in two distinct ways: a “painting” mode, using predominantly 
melanin promoting factors in areas that generally lack black coloration, and 
alternatively, an “erasing” mode, utilizing mainly melanin suppressing factors in regions 
where black is the dominant pigment.  Different combinations of these strategies may 
account for the vast diversity of melanin patterns observed in insects. 
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Introduction 
Pigment patterns are among the most striking and variable features of insect 
morphology. An extraordinary diversity in coloration distinguishes species, populations 
within species, individuals within populations, and different body regions (Wittkopp and 
Beldade, 2009).  Most insights into the mechanisms underlying such diversity have 
come from studies on melanization in Drosophila (Wittkopp and Beldade, 2009; 
Wittkopp et al., 2003).  Melanization is the pigmentation process wherein precursors 
(catecholamines) are converted into pigment molecules that are incorporated into the 
cuticle (Wittkopp and Beldade, 2009).  These studies have helped identify a network of 
melanin genes and their roles in body color patterning (Wittkopp and Beldade, 2009; 
Wittkopp et al., 2003; Wright, 1987). The core part of this proposed pathway is shown in 
Fig. 1.1.  The pathway begins with the conversion of tyrosine to DOPA 
(dihydroxyphylalanine).  DOPA can then be utilized in two different manners: to produce 
DOPA melanin (black) or be converted to dopamine, another precursor of black 
melanin.  In the conversions from DOPA/dopamine to black melanin, the yellow gene is 
thought to play an essential role promoting these processes. However, it is still unclear 
whether yellow plays a role in producing DOPA melanin, or dopamine melanin, or both 
(question marks in Fig. 1.1).  Alternatively, production of dopamine melanin can be 
suppressed by converting dopamine to NBAD (N- β -alanyldopamine) or NADA (N
acetyldopamine). The NBAD branch contains three main genes: ebony, black, and tan.  
Black catalyzes the production of β-alanine, which binds to dopamine by the activity of 
Ebony, thus forming NBAD, the precursor of yellow sclerotin.  It is also possible to 
convert NBAD back to dopamine by the activity of Tan.  The dopamine produced under 
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such circumstance is then converted to dopamine melanin thus promoting dark 
coloration (True et al., 2005; Wittkopp et al., 2002).  In Heliconius, Tan has also been 
recognized as an additional factor that promotes dark melanization (Ferguson et al., 
2011b).  The NADA branch relies on the function of arylalkylamine-N-acetyltransferase 
(AANAT), which converts dopamine to NADA, the precursor of colorless sclerotin.  
These five genes, including three melanin suppressing (ebony, black, and aaNAT) and 
two promoting (tan and yellow) factors, are thought to be the main genes in the 
mechanism responsible for producing different melanin patterns (Wittkopp and Beldade, 
2009; Wittkopp et al., 2003; Wright, 1987).   
Assays in Drosophila have provided functional evidence associating ebony, 
yellow, and tan to body and wing pigmentation (Gompel et al., 2005; Jeong et al., 2008; 
True et al., 2005; Walter et al., 1996; Wittkopp et al., 2002).  In addition, functional 
studies in Tribolium have also reported the essential involvement of ebony, black, and 
yellow (Arakane et al., 2010; Arakane et al., 2009; Tomoyasu et al., 2009), whereas the 
pigmented phenotype of aaNAT was reported only in Bombyx (Osanai-Futahashi et al., 
2012; Zhan et al., 2010).  A systematic functional profile of these melanin genes is 
lacking in any of the more basal hemimetabolous insect lineages.  In this mode of 
development, the embryo hatches as a miniature adult that undergoes a succession of 
molts, with melanization occurring at each stage.  Thus, as a complement to the studies 
already performed in holometabolous insects, it is important to begin evaluating the 
roles of melanization genes in the pigmentation of hemimetabolous species. This also 
establishes a foundation for understanding the evolution of the melanin pathway in 
insects. 
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Accordingly, we performed the first systematic functional analysis of ebony, 
black, tan, yellow, and aaNAT in a hemimetabolous species, the milkweed bug 
Oncopeltus fasciatus.  This insect is well suited for the study of pigmentation since it 
features striking aposematic black/orange warning colorations and color patterns that 
are distinct in different body regions.  The black coloration has been recently confirmed 
to be produced via the melanin pathway, whereas the majority of the orange coloration 
comes from another source (Liu et al., 2014).  The RNAi approach in Oncopeltus is also 
highly efficient and generates phenotypes displaying systemic responses (Angelini and 
Kaufman, 2005; Liu and Kaufman, 2004a, b, 2005).  This allows for the functional 
analysis of pigmentation genes at a whole-body scale, as was highlighted by a previous 
study (Liu et al., 2014).  The depletion of master synthesis genes (tyrosine hydroxylase 
and dopa decarboxylase, which initialize the melanin pathway; Fig. 1.1) caused great 
reduction in black coloration throughout the whole body (Liu et al., 2014).  In the present 
study, RNAi knockdowns of the five melanin genes establish regional pigmented 
phenotypes.  More specifically, the phenotypes observed in the abdomen and 
hindwings of RNAi adults are different from those in the head, thorax, and forewings.  
These observations were unexpected because RNAi depletion of ebony, black, or 
aaNAT in holometabolous species (Tribolium and Bombyx) caused alterations of color 
patterns over the entire body (Arakane et al., 2010; Jeong et al., 2008; Osanai-
Futahashi et al., 2012; Tomoyasu et al., 2009; True et al., 2005; Wittkopp et al., 2002; 
Zhan et al., 2010).  Results presented here from Oncopeltus suggest that different 
melanin genes are utilized to form black patterns in distinct body regions.  This finding 
provides novel insights regarding how pigment diversity is created in different body 
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regions by mechanisms that could be general to other insects with complex color 
patterns, including other aposematic species whose color patterns play critical roles in 
interspecies communication.   
Materials and Methods  
Cloning and Sequence Analysis of cDNA Fragments 
Extraction of total RNA from embryos of Oncopeltus fasciatus, as well as the 
follow-up cDNA generation, nested RT-PCR, and cloning were carried out according to 
Liu et al. (Liu et al., 2014) and Li and Popadić (Li and Popadic, 2004).  Multiple 
reactions of nested-PCR were performed to amplify the gene fragments.  The primers 
used for PCR cloning, as well as the lengths of obtained cDNA fragments are listed in 
Table 3.1.  All of these cDNA fragments cover the majority of the coding region of each 
gene.  The orthologies of these Oncopeltus genes were confirmed by phylogenetic 
analysis (Fig. 3.1&3.2).  In the case of Oncopeltus Ubx, a previously described clone 
was used (Medved et al., 2015).   
RNA interference (RNAi)  
 For all genes in this assay, double stranded RNA (dsRNA) was generated using 
the entire cDNA fragment to ensure the specificity of RNAi depletion. For details of 
dsRNA injections, please refer to Liu et al (2016). 
 
RT-PCR Analysis 
 Independent RT-PCR analysis were performed to determine the efficiency of our 
RNAi approach (Fig. 3.3). The procedures of total RNA extraction and cDNA synthesis 
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were carried out following Liu et al. (2014).  Primers used for RT-PCR are listed in Table 
3.1.  
 Primers for PCR cloning Primers for RT-PCR Length of 
fragment  
Corresponding 
AA residues of 
Dm orthologs 
Of-ebony Forward: 5’ ACGACCGCAACTCTCAAACT 3’ 
                   5’ TCACCAGCTCTTCTCGTTGA 3’ 
Reverse: 5’ TGCTGAGTTAGAGGGCTGGT 3’ 
                  5’ TGCCAGTAAAGCCTCTGGAT 3’ 
Forward: 5’ CTTCTCCCGACCTCATTCTG 3’ 
 
Reverse: 5’ GGTCCACAGGGCATCTAAAA 3’ 
2333 bp 135~822 
(out of 879aa) 
Of-black Forward: 5’ GGTGCAGCGTCTTCTCCTAC 3’ 
                   5’ GGCCGGTACTGACACTCTGT 3’ 
Reverse: 5’ AGAAGTTTGGGTGTGCCTTG 3’ 
                  5’ TTGTTCCTTCACGCATCATC 3’ 
Forward: 5’ GGCCGGTACTGACACTCTGT 3’ 
 
Reverse: 5’ TTGTTCCTTCACGCATCATC 3’ 
1160 bp 147~532 
(out of 575aa) 
Of-yellow Forward: 5’ ATTCGCCTGGAAGTATGTGG 3’ 
                   5’ GGACAAAGGTGTCCCGAGTA 3’ 
Reverse: 5’ GAGAATTCTGGCAGCTGAGG 3’ 
                  5’ ATCGGCAACCTGTGGTAGAG 3’ 
Forward: 5’ AGTCCAGAAACACCCCTCCT 3’ 
 
Reverse: 5’ ATCGGCAACCTGTGGTAGAG 3’ 
1062 bp 80~408 
(out of 541aa) 
Of-tan Forward: 5’ CGTCCGTTCCTTACTTCTCG 3’ 
Reverse:  5’ CCTGGCATTGCAGTTGAATA 3’ 
Forward: 5’ GGACATTCTACCAGCCCAAA 3’ 
Reverse: 5’ CAATCGATCTCCAGCCTGAT 3’ 
1338 bp 6~386 
(out of 387aa) 
Of-
aaNAT 
Forward: 5’ TGGGCGAAAGAGAGAATGAC 3’ 
                   5’ CCAGGAAGACGTGGAAAGAG 3’ 
Reverse: 5’ GTGCAGACTTTGCAGTGTGG 3’ 
                  5’ TCGGTCTTCCATCATTGTCA 3’ 
Forward: 5’ CCAGGAAGACGTGGAAAGAG 3’ 
 
Reverse: 5’ CAAGGCTGTAGATGCTGTGG 3’ 
554 bp 30~206 
(out of 240aa) 
Table 3.1.  Primers for RT-PCR and the lengths of the obtained cDNA fragments of 
relevant genes.  Abbreviations: Of, Oncopeltus fasciatus; Dm, Drosophila melanogaster 
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Fig. 3.1. Phylogenetic analysis of Drosophila melanogaster and Oncopeltus facsiatus 
melanin pathway genes.  Phylogeny was inferred using the Neighbor-Joining method 
based on amino acid sequences. Branch support values are bootstrap percentages 
from 500 replicates. 
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Fig. 3.2. Phylogenetic analysis of yellow gene family.  Oncopeltus Yellow (OfY-Y) is 
orthologous to Yellow protein in Drosophila melanogaster (DmY-Y) and Tribolium 
castaneum (TcY-Y).  Phylogeny was inferred using the Neighbor-Joining method based 
upon amino acid sequences. Branch support values are bootstrap percentages from 
500 replicates.  
 
Fig. 3.3. RT-PCR analysis of ebony, black, aaNAT, tan, yellow, and Ubx mRNA in 
Oncopeltus 5th nymphs.  Only trace levels of individual gene transcripts were detected 
in RNAi individuals when compared to wild types.  
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 In addition, to determine if the systemic depletion was consistent throughout the 
body, we performed RT-PCR analyses on isolated body regions of black RNAi 
individuals that showed the greatest contrast in pigmented phenotypes between the 
abdomen and anterior body regions (Fig. 3.4).  Two wild type or black RNAi 5th nymphs 
(day 8 of development) were utilized. The epidermis of head, thorax, FW, HW, and 
abdomen were dissected and separated.  Each regional sample was used for total RNA 
extraction and cDNA synthesis following Liu et al. (2014).   
Image Processing 
Microscopy images were obtained using a SZX16 Microscope (Olympus) and 
DP72 camera (Olympus).  To minimize the possible variation in captured images, the 
background and all of the microscope and camera settings were standardized: the 
images under a particular magnification were taken under the same light condition, 
aperture, exposure time, and white balance.   
In addition, to quantify the changes in black intensity observed in yellow and tan 
RNAi adults, we measured the mean grayscales (at a scale of 0~255) of the black 
subregions using ImageJ in separate microscopy images of the head, thorax, FW, HW 
and ventral abdomen.  The measurements were carried from 10 individuals of wild type, 
yellow RNAi, or tan RNAi Oncopeltus adults. The grayscale values were converted to 
brightness level as grayscale value/255 x 100.  The converted brightness levels from 
these three groups were then compared to each other using group t-tests (the level of 
significance was 0.05).  As a control, the same measurements and analyses were also 
applied to the orange subregions in the dorsal abdomens.   
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Fig. 3.4. RT-PCR analysis of black mRNA in isolated body regions of Oncopeltus 5th 
nymphs at Day8 of development.  There is a significant reduction in black transcript in 
every body region in black RNAi individuals compared to wild type 5th nymphs.  
Abbreviations: H, head; T, thorax; FW, forewing; HW, hindwing; A, abdomen. 
In situ hybridization 
 The digoxigenin-labeled antisense RNA probes of ebony and aaNAT were 
synthesized as described in Li and Popadić (Li and Popadic, 2004).  For each gene, 
both sense and antisense probes were used.  The formation of wing tissue is completed 
at day 5 of the 5th nymphal stage, after which the cuticle starts forming, which in turn 
restricts the use of post-embryonic in situ hybridization analysis.  Before day 5, the wing 
tissue is not completely formed and cannot be fixed intact.  After day 6, the cuticle 
prevents the riboprobes from penetrating into the wing tissue.  Therefore, in this assay, 
the wings were dissected from wild type and Ubx-RNAi 5th nymphs that were exactly 
5~6 days old.  16-22 wings were analyzed in each group, and the shown images 
represent the consensus expression patterns.  The in situ hybridization was modified 
from Tomoyasu et al. (2009).  Details will be provided upon request.  
Results 
The functions of melanin genes on black patterns of body pigmentation in 
Oncopeltus 
The Oncopeltus body has warning coloration consisting of alternating black and 
orange subregions and patches (Fig. 3.5A1).  The dorsal head features a V-shaped 
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orange stripe flanked by black pigmentation covering the rest of the head (Fig. 3.5A2).  
Dorsal plates of the thoracic segments are primarily black, with the exception of orange 
at lateral edges on the prothorax (T1) and posterior tip of the mesothorax (T2; asterisks, 
Fig. 3.5A3).  In contrast, the majority of the abdomen is orange with the exception of two 
rectangular black patches on the ventral side of A3-A4 segments (Fig. 3.5A4) and two 
small spots on the dorsal A1 segment (white arrows, Fig. 3.5A5).   
To examine the role of the melanin pathway in Oncopeltus color patterning, we 
cloned five putative core melanin genes: ebony, black, tan, yellow, and aaNAT.  
Phylogenetic analyses confirmed that the obtained clones are indeed Drosophila 
orthologs (Fig. 3.1&3.2).  To test the efficiency of RNAi we performed RT-PCR analyses 
for each gene, which showed that in all instances, the relevant transcription level was 
significantly reduced throughout the body, including the epidermis (Fig. 3.3).  These 
levels of depletion are consistent with previous RNAi analyses in Oncopeltus showing 
changes in coloration encompassing the entire body (Liu et al., 2014).  These findings, 
combined with an additional RT-PCR result showing a significant reduction in the level 
of black transcripts in all body regions (Fig. 3.4), support the conclusion that observed 
phenotypes resulted from a systemic response. 
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Fig. 3.5. Functions of ebony, black, tan, and yellow in different body regions of 
Oncopeltus adults.  (A1-A5) Wild type Oncopeltus shows alternating black-orange 
patterning.  Black pigmentation is present in the head (A2), thorax (A3), ventral 
abdomen (A4), and dorsal abdomen (A5).  (B1-B5) The ebony RNAi adult phenotypes 
show the expansion of black pigment in the head (B2) and thorax (B3), whereas such 
an expansion is only moderate in the ventral abdomen (B4) and barely noticeable in 
dorsal abdomen (B5).  (C1-C5) The black RNAi adults show a phenotype similar to the 
ebony RNAi individuals described above.  (D1-D5) The tan RNAi adult phenotypes 
show a differential defect of black pigment across the body. The defect of black is subtle 
in the head (D2) and thorax (D3), while it is quite significant in ventral abdomen (D4).  
Also, on the dorsal A1 segment, the two black patches are lost (arrows, D5).  (E1-E5) 
The yellow RNAi adults show varying levels of reduction in black pigment between body 
regions.  Reduction is moderate in the head (E2) and thorax (E3), whereas quite 
significant in ventral abdomen (E4). The two black patches on the dorsal A1 segment 
are also significantly reduced (arrows, E5).  Scale bars are: 1mm (A1, B1, C1, D1, and 
E1); 500µm (A2-A5, B2-B5, C2-C5, D2-D5, and E2-E5). 
Studies in Drosophila and Tribolium have shown that ebony plays the central role 
in suppressing black pigmentation (Fig. 1.1).  Upon the loss of function of ebony, a 
global darkening of body pigmentation was observed in both species (Takahashi et al., 
2007; Tomoyasu et al., 2009; Wittkopp et al., 2002).  Based upon these observations, 
we expected ebony RNAi Oncopletus adults to exhibit black coloration throughout the 
body.  Among 11 ebony RNAi adults, all but one exhibited a significant expansion of 
black melanization in the anterior body regions. As illustrated in Figs. 3.5B1-B3, all non-
black anterior subregions, including the orange V-shape stripe on the head, the lateral 
edges on T1, and the posterior tip on T2 became black.  However, in these 10 
individuals, the expansion of black pigmentation was only moderate in posterior body 
regions.  The A3 black rectangle expanded anteriorly into the A2 segment, whereas the 
A4 rectangle expanded posteriorly into A5 and A6 segments (Fig. 3.5B4).  The 
remainder of the ventral abdomen and the non-black pigmented dorsal abdomen were 
generally unaltered (Fig. 3.5B5).  Therefore, the different outcomes observed between 
anterior and posterior body regions suggested that while ebony was critical for non-
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black patches in the head and thorax, it played only a minor role in the majority of non-
black regions in the abdomen.  
Ebony is the core enzyme in the conversion of dopamine to NBAD, catalyzing the 
binding of β-alanine to dopamine (Fig. 1.1).  Therefore, the synthesis of β-alanine, 
which is catalyzed by the product of the black gene, is also critical for the NBAD branch 
(Arakane et al., 2009; Wright, 1987).  Among 20 black RNAi adults, 18 showed an 
expansion of black coloration in the head and thorax that covered the original orange 
pigmentation (Figs. 3.5C1-C3).  In the ventral abdomen, the effects were highly 
consistent between these 18 individuals, showing little of the melanin expansion that 
was observed in ebony knockdowns (compare Figs. 3.5C4 vs. B4).  The dorsal 
abdomen and the majority of the non-black portions of the ventral abdomen also 
remained unchanged (Fig. 3.5C4&C5).  These observations showed that black was 
required for the non-black patches in the anterior body regions, but not for the 
abdomen.  Combined with ebony RNAi insights, these results establish that suppression 
of melanin by the NBAD branch is utilized differently between the anterior and posterior 
body regions of Oncopeltus.   
While the above results focus on the mechanism that creates non-black 
subregions, it is equally important to understand the complementary process – the 
generation of black areas across the insect body.  Studies in Drosophila have shown 
that, other than TH (tyrosine hydroxylase) and DDC (dopa decarboxylase) enzymes 
required for production of DOPA and dopamine, additional promoting enzymes are 
required for melanization (Jeong et al., 2008; True et al., 2005; Wittkopp et al., 2002; 
Wright, 1987).  One of the essential enzymes is Tan, which counteracts Ebony in the 
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NBAD branch (Fig. 1.1), thus promoting melanin production (Jeong et al., 2008; True et 
al., 2005).  Functional analyses on tan have been reported only in Drosophila, which 
showed that its loss causes a global reduction of melanin patterns (Jeong et al., 2008; 
True et al., 2005).  Out of 37 tan RNAi Oncopeltus adults, 34 exhibited a consistent 
phenotype (Fig. 3.5D1).  Black patterns in the head and thorax were generally unaltered 
(Fig. 3.5D2&D3).  In contrast, the melanin patterns showed noticeable changes in the 
abdomen (Figs. 3.5D4 & D5).  In particular, the two black spots on the dorsal A1 
segment were significantly reduced (arrows in Fig. 3.5D5).  The same trend was also 
observed in the ventral A3-A4, exhibiting a reduction in the middle portion of each black 
rectangle (Fig. 3.5D4).  In 3 individuals the degree of reduction was more pronounced, 
with either the left or right half of the A4 rectangle disappearing completely.  It is worth 
noting that the intensity of black coloration within the remaining A3 and A4 rectangles 
was not significantly different compared to wild type (Fig. 3.6; P > 0.05).  These 
observations suggest that tan is required for proper patterning of black pigmentation in 
the Oncopeltus abdomen, but not for its intensity.  Such role of tan in abdominal 
melanin patterning is consistent with previous studies of Drosophila species (Jeong et 
al., 2008; True et al., 2005).  
As shown above, the depletions of ebony, black and tan did not affect the 
majority of the non-black subregions in the abdomen.  These observations suggest that 
the NBAD branch of the melanin pathway is not involved in the generation of these 
subregions.  Another possible candidate is arylalkylamine N-acetyltransferase (aaNAT), 
which is the core gene in the NADA branch of the melanin pathway (Fig. 1.1).  Studies 
in Drosophila have shown that aaNAT is responsible for converting dopamine to NADA 
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as a way of depleting melanin and creating colorless sclerotin (Brodbeck et al., 1998; 
Hintermann et al., 1995; Wright, 1987).  Consistent with this, the depletion of aaNAT 
causes an increase of melanization across the body in Bombyx (Zhan et al., 2010).  In 
order to determine if this mechanism can also explain the non-black subregions in the 
abdomen of Oncopeltus, we depleted aaNAT in 5th nymphs.  The consequent adults, 
however, showed no effect in color patterns in the head, thorax, or abdomen (Fig. 3.7). 
This observation indicates that the NADA branch of the melanin pathway is not required 
for black patterns in these body regions.   
 
Fig. 3.6. The comparison of black intensity in isolated body regions of wild type, tan 
RNAi and yellow RNAi adults.  The levels of black in the melanized subregions in the 
head, thorax, forewing, hindwing, and ventral abdomen are shown in average percent 
brightness.  The error bars are showing the 95% confidence intervals. The depletion of 
tan did not show significant changes in the black intensity in all body regions (P > 0.05).  
The black intensity in yellow RNAi is significantly different from that in wild type in all 
body regions (P < 0.05).  The amount of reduction in black is most significant in the 
hindwing and ventral abdomen, whereas it is moderate in the head, thorax, and 
forewing.  In both tan RNAi and yellow RNAi adults, the brightness of the orange 
subregions of the dorsal abdomen are not significantly different from those in the wild 
type (P > 0.05).  Abbreviations: FW, forewing; HW, hindwing. 
46 
 
 
Fig. 3.7. Phenotype of aaNAT RNAi in black coloration of Oncopeltus body. (A1-A5) 
Wild type fully-melanized Oncopeltus adults establish black pigmentation in the head 
(A2), thorax (A3), ventral abdomen (A4), and dorsal abdomen (A5).  (B1-B5) aaNAT 
RNAi adults showed similar black coloration as wild type, which can be observed in the 
head (B2), thorax (B3), ventral abdomen (B4) and dorsal abdomen (B5). 
In addition to the above four genes within the NBAD and NADA branches, we 
also tested the function of yellow, another important gene that promotes melanin 
production (Arakane et al., 2010; Jeong et al., 2008; Tomoyasu et al., 2009; Wittkopp et 
al., 2002; Wright, 1987).  Although this gene is not within the NBAD branch, its depletion 
in Drosophila causes a severe reduction of melanization across the whole body (Jeong 
et al., 2008; Wittkopp et al., 2002).  Among the 38 yellow RNAi adults, 32 displayed a 
significant reduction in the intensity of black pigments (Fig. 3.6, P < 0.05) in ventral A3 
and A4 rectangles (Fig. 3.5E4 & E5).  In addition, in 30 out of 32 individuals, a reduction 
in the middle portions of the A3 and A4 rectangles was also observed (Fig. 3.5E4).  
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These pigmented phenotypes in the abdomen are similar to those reported in 
Drosophila melanogaster (Jeong et al., 2008; Wittkopp et al., 2002).  While abdomens 
showed an increase in average brightness of 51%, the reduction in black intensity in the 
head and thorax was more moderate (Fig. 3.5E1-E3), with an increase in average 
brightness of 28% and 15%, respectively (Fig. 3.6). These findings indicate that yellow 
was involved in regulating both the extent of melanin patterns and their intensity in the 
abdomen, but had much less effect in thorax and abdomen.  Based on results from 
yellow and tan RNAi results, we speculate that these “melanin promoting factors” may 
be critical for the melanin patterns in the posterior body regions.   
Distinct black patterns between the forewing (FW) and hindwing (HW) are 
generated by different branches of the melanin pathway in Oncopeltus 
The forewing (FW) and hindwing (HW) in Oncopeltus also have distinct melanin 
patterns.  The FW has an alternating black and orange pattern (Fig. 3.8A1) whereas the 
HW is colorless at the proximal end and black throughout the distal region (Fig. 3.8A2).  
To determine if the NBAD branch regulates the melanin patterns in both pairs of wings, 
we examined the wings of ebony and black RNAi adults.  In both instances, black 
pigmentation greatly expanded into the orange subregions on the FW (Fig. 3.8B1&C1).  
However, the depletion of either gene generated no noticeable changes in color 
patterns in the HW (Fig 3.8B2&C2).  These observations indicate that the NBAD branch 
was required for repressing melanization in the non-melanized areas on the FW, 
whereas similar non-melanized regions on the hindwings used a different mechanism.  
Candidate genes responsible for suppressing melanization in the proximal HW 
include the NADA branch of the melanin pathway (Fig. 1.1).  Since aaNAT, the core 
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gene within this branch, is reported to be responsible for converting dopamine to 
colorless NADA sclerotin in Drosophila (Brodbeck et al., 1998; Hintermann et al., 1995; 
Wright, 1987), it is possible that such a mechanism can also generate the colorless 
pattern in the HW of Oncopeltus.  To test this hypothesis, we observed the HW 
coloration in aaNAT RNAi adults.  In all of the 17 RNAi resulting individuals, the anal 
lobe region of the HW became melanized (Fig. 3.8D2), whereas the black pigmentation 
of the FW was not affected (Fig. 3.8D1).  These observations indicate that aaNAT was 
involved in suppression of melanin formation in the colorless anal lobe region of the 
HW.  However there was no indication that this role was required for proper 
pigmentation of the FW.  In summary, the Oncopeltus FW and HW seem to utilize 
distinct mechanisms to generate non-black subregions: the NBAD branch is applied to 
suppress melanization in the orange areas of the FW, whereas the HW employs the 
NADA branch to generate the colorless anal lobe.  
In addition to the melanin suppressing factors ebony, black, and aaNAT, we 
tested the function of the melanin promoting factors yellow and tan in the black 
subregions of Oncopeltus wings.  In yellow RNAi adults there was a significant 
reduction of black intensity in both pairs of wings (Fig. 3.8E1&E2; Fig. 3.6; P <0.05 in 
FW and P << 0.05 in HW).  This effect was much greater in the HW (average brightness 
increased by 89%) than the FW (19%) (Fig. 3.6).  In contrast, the depletion of tan did 
not generate any noticeable effect on the black patterns of either the FW or HW (Fig. 
3.8F1&F2) nor significant reduction in their black intensity (Fig. 3.6; P > 0.05), indicating 
that this gene was not essential for wing melanin patterns.  These observations suggest 
that the roles in wing melanization are distinct between different melanin promoting 
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factors: yellow is required for the proper intensity of black melanin in the wings, 
especially the HW, whereas tan may not be involved at all in wing pigmentation in 
Oncopeltus.   
 
Fig. 3.8. Functions of ebony, black, aaNAT, yellow, and tan in the FW and HW of 
Oncopeltus adults.  (A1-A2) Pigmentation patterns of wild-type wings.  The ebony RNAi 
adults show an expansion of black pigmentation into the orange subregion of the FW 
(B1), while the HW remains unaffected (B2).  (C1&C2) The black RNAi adult wings 
show a similar phenotype to the ebony RNAi adults as described above.  The aaNAT 
RNAi adult phenotypes show no effect on the FW (D1), while melanization expands into 
the anal region of the HW (asterisk in D2).  The yellow RNAi adult wing phenotype 
shows a reduction of black pigment on the FW (E1) and the HW (E2).  The tan RNAi 
adult phenotype shows no noticeable pigmentation effect in the FW and HW.  
Abbreviations: FW, forewing; HW, hindwing.  Scale bars: 1mm. 
Differential involvement of pigmentation genes between FW and HW correlates 
with their expression patterns 
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Previous studies in the wings of Drosophila and Heliconius have shown strong 
correlations between melanin patterns and the expression patterns of melanin genes 
(Ferguson et al., 2011b; Gompel et al., 2005; Hines et al., 2012; Wittkopp et al., 2002).  
In particular, such correlations have been seen in the Drosophila melanogaster 
abdomen (Camino et al., 2015; Rebeiz et al., 2009) and FW (Gompel et al., 2005) and 
occur in diverse Drosophila species with divergent patterns of melanic pigmentation 
(Arnoult et al., 2013; Camino et al., 2015; Ordway et al., 2014; Werner et al., 2010), 
indicating that these correlations are functionally meaningful.  Thus, we hypothesized 
that the difference in mechanisms regulating non-black patterns between FW (NBAD 
branch) and HW (NADA branch) comprise differential expression of the relevant core 
genes.  To test this hypothesis, we utilized in situ hybridization to detect in developing 
wing pads of Oncopeltus the expression patterns of ebony and aaNAT, the two 
essential genes in the NBAD and NADA branches.  Note that because the formation of 
the cuticle precludes the expression analysis later in development (see Materials and 
Methods), we can only study early stages during which initial patterns are beginning to 
be laid out and do not fully correspond to the final patterns.  As shown in Fig. 3.9A1, 
ebony expression was observed in three distinct patches on the FW: two are located on 
the anterior and posterior edges of the proximal portion, the other in the middle of the 
anterior edge.  These locations correspond with the anterior and posterior margins of 
orange subregions on the FW (Fig. 3.8A1). The expression of ebony on the HW, 
however, was not detectable (Fig. 3.9A1), consistent with the fact that ebony RNAi 
displayed no phenotype.  On the other hand, aaNAT expression was not observed in 
the FW but was present in the anal lobe region of the HW (Fig. 3.9B1).  This expression 
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pattern of aaNAT was strongly correlated with its RNAi phenotype, where the colorless 
anal lobe region of the HW became melanized (Fig. 3.8A2).  Hence, the expression 
patterns of ebony and aaNAT correlated with their functions in generating the non-black 
patches on the FW and HW.   
 
Fig. 3.9.  in situ hybridization of ebony and aaNAT in developing wild-type and Ubx 
RNAi Oncopeltus wings.  (A1) In wild-type wings, ebony is expressed exclusively in the 
FW.  (A2) In Ubx RNAi wings, the HW exhibits expression of ebony.  (B1) In wild-type 
wings, aaNAT is expressed only in the HW.  (B2) In Ubx RNAi wings, aaNAT is no 
longer expressed in the HW.  Abbreviations: FW, forewing; HW, hindwing.  Scale bars: 
200µm. 
These differences in RNAi phenotypes between FW and HW pigmentation  may 
be explained by the differential activations of ebony and aaNAT.  If so, this regional 
regulation of melanin genes would require specific selector genes (Wittkopp and 
Beldade, 2009; Wittkopp et al., 2003).  In the butterfly Junonia coenia, the Hox gene 
Ultrabithorax (Ubx) plays such a role by differential regulation of HW and FW color 
patterns (Weatherbee et al., 1999).  Recently, Ubx was shown to also control the 
identity of HW in Oncopeltus (Medved et al., 2015) allowing us to test the generality of 
the selector genes role in regional regulation.  Therefore, upon the depletion of Ubx, we 
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would expect ebony to be expressed in the developing HW whereas aaNAT should be 
absent.  As shown in Fig. 3.9A2, the HW expresses ebony at the proximal margins, 
which resembles the patterns observed in the wild type FW.  However, the expression 
of aaNAT is lost in the HW, even in a moderate phenotype showing an intermediate 
shape transformation (Fig. 3.9B2).  These findings indicate that Ubx governs the 
differential activation of melanin genes between the wings.  This further suggests that 
the different pigmentation roles of melanin genes across different Oncopeltus body 
regions, as shown by the present RNAi analyses, may be due to the functions of other 
region-specific regulatory genes.  
The expression patterns of black, yellow, and tan, however, could not be 
detected using in situ hybridization.  Note that the wing tissue is amenable to this 
procedure only during the middle part of 5th nymphal stage (see Materials and Methods) 
when these three genes may not be active.  To test this possibility, we examined the 
expression of black, yellow, and tan during the entire 5th nymphal stage (Fig. 3.10).  As 
predicted, expression of these genes was noticeable only during the later half of the 
stage (Fig. 3.10). These observations suggest that during the development of 
Oncopeltus wings, enzymes such as Ebony and AANAT, which utilize dopamine as 
direct substrates (Fig. 1.1), perform their patterning roles at early-mid 5th nymphal 
stage.  In contrast, Black, Yellow and Tan are turned on at a later stage.  
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Fig. 3.10. RT-PCR analyses of black, yellow, and tan mRNA in the developing wings of 
Oncopeltus throughout the entire 5th nymphal stage.  The chosen time points are: Day2 
(initialization of adult melanin cycle), Day5 (formation of wing tissue), Day8 (localization 
of melanin enzymes), and freshly molted adults (initialization of melanin process).  The 
expression levels of the targeted mRNA are dynamic among these four time points. At 
Day2 and Day5, none of these three genes were detectable in the wings.  Starting by 
Day8, the expression of black, yellow and tan showed up with different patterns.  black 
was expressed in both Day8 and adult forewings.  However, its expression in the 
hindwing was only observed at Day8. The expression of yellow was observed in both 
wings at Day8, which were significantly reduced in the adults.  tan expression was very 
low on day 8 in both wings.  The expression in the forewing later reached its peak in 
adult, whereas the hindwing expression was not detected at adult stage.   
Discussion 
Pigmentation functions of melanin genes in Oncopeltus 
In this study we performed a comprehensive functional analysis of the putative 
core melanin genes using RNAi.  Although there has been limited success in RNAi 
silencing by direct body cavity injection in Drosophila, this approach has proven to be 
highly effective in other insects (Li et al., 2015).  This is especially the case in 
Oncopeltus, which is characterized by a strong systemic gene depletion upon RNAi 
treatment (Angelini and Kaufman, 2005; Liu and Kaufman, 2004a, b, 2005).  The recent 
RNAi analysis of the essential enzymes for the production of black melanin in this 
species also showed a systemic reduction in coloration encompassing the entire body 
(Liu et al 2014).  In the present study, the whole-body RNAi response is documented by 
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RT-PCR results showing similar reduction in the amount of transcript across different 
body regions in black RNAi individuals (Fig. 3.4).  Hence, the observed region-specific 
effects of RNAi against melanin genes are likely true phenotypes resulting from 
systemic responses, rather than low penetrance phenotypes.  These results suggest 
distinct regional utilization of melanin genes. 
The NBAD branch of the melanin pathway has been reported to be essential for 
melanin patterning in Drosophila (Wittkopp et al., 2002; Wright, 1987).  In this pathway, 
both black and ebony can suppress melanin formation via the production of β-alanine 
and NBAD, respectively (Fig. 1.1).  In Oncopeltus, RNAi knockdown of these two genes 
causes the non-black subregions to become black in the head (Fig. 3.5B2&C2), thorax 
(Fig. 3.5B3&C3), and FW (Fig. 3.5B1&C1), whereas a majority of the non-black patches 
in the HW (Fig. 3.8B2&C2) and abdomen (Figs. 3.5B4-B5 and C4-C5) are not affected.  
These findings suggest that the melanin suppressing role of ebony and black is crucial 
in the head, thorax, and FW, but not necessary for proper coloration in the HW and 
abdomen. This is in contrast with findings in Drosophila and Tribolium, where loss of 
function of either ebony or black results in an overall darkening of body pigmentation 
(Arakane et al., 2009; Tomoyasu et al., 2009; Wittkopp et al., 2002; Wright, 1987).   
Another gene of the NBAD branch, tan, counteracts the function of ebony and 
promotes black pigmentation by converting NBAD back to dopamine (Jeong et al., 
2008; True et al., 2005; Wright, 1987).  tan RNAi phenotypes in Oncopeltus indicate that 
it is essential for the black patterns present in the abdomen (Fig. 3.5D4-D5) but is not a 
significant player in forming the melanin patterning in the head (Fig. 3.5D2), thorax (Fig. 
3.5D3), and wings (Fig. 3.8F1&F2).  Again, these results are different from Drosophila, 
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where tan mutants display a reduction in melanization spanning the entire body (Jeong 
et al., 2008; True et al., 2005).  
Despite the fact that the reactions catalyzed by tan and ebony appear as a circuit 
from the biochemical perspective (Fig. 1.1), in Oncopeltus they are employed differently 
in distinct body regions.  It is possible that in hemimetabolous insects, only half of this 
circuit is essential for melanization in one specific body region, whereas the other half 
might be active but not required for pigmentation.  Instead, they might be involved in 
other biological processes such as behavior (Wittkopp and Beldade, 2009).  
Subsequently, in more derived groups such as dipterans, the entire tan-ebony circuit 
(both reactions) are fully involved in melanization (True et al., 2005).  Extending future 
studies of tan to additional hemimetabolous species may show how the NBAD branch of 
the melanin pathway has changed during insect evolution.  
Finally, the NADA branch can also suppress melanin production by transforming 
dopamine to NADA, thus creating colorless tissue (Wright, 1987).  The key gene in this 
pathway is aaNAT (Brodbeck et al., 1998; Hintermann et al., 1995; Wright, 1987).  Here, 
we observed that the role of aaNAT is restricted to the anal lobe region of the HW (Fig. 
3.8D2), which correlates with its expression profile (Fig. 3.9B1).  This observation is in 
contrast to the depletion of aaNAT in the silk worm Bombyx, which causes a global 
darkening of the adult body (Osanai-Futahashi et al., 2012; Zhan et al., 2010).  Thus, 
Oncopeltus appears to preferentially activate aaNAT expression in wings to create the 
colorless tissue in the anal lobe region.  It is worth noting that aaNAT may not be the 
only gene used in this region because the anterior portion of the proximal half of the HW 
remains colorless when aaNAT is depleted by RNAi (Fig. 3.8D2).  Future studies will 
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need to assess whether other members of the AANAT family are involved in generating 
colorless patches in this region (Long et al., 2015; Mehere et al., 2011).  
The pigmented phenotypes of yellow have been reported in both Drosophila and 
Tribolium, with distinct results.  Loss of yellow causes global reduction of melanin in 
Drosophila (Wittkopp et al., 2002), whereas only the HW is affected in Tribolium 
(Arakane et al., 2010; Tomoyasu et al., 2009).  In Oncopeltus, yellow RNAi adults 
display a mix of features previously observed in Drosophila and Tribolium: black 
coloration in the abdomen and HW are greatly reduced but other body regions are only 
moderately affected (Fig. 3.6).  Therefore, the restriction of yellow function appears to 
have changed during insect evolution.  At present, we cannot rule out the possibility that 
in regions where yellow RNAi was observed to have a moderate effect, other yellow 
family members might play additional roles in melanization (Han et al., 2002).  However, 
currently the functional roles of most of the yellow family genes are yet to be 
determined.  Even for the yellow gene itself, despite the fact that it is known to be 
required for melanization in Drosophila and Tribolium (Arakane et al., 2010; Bray et al., 
2014; Jeong et al., 2008; Tomoyasu et al., 2009; Wittkopp et al., 2002; Wright, 1987), its 
enzymatic activity has not yet been established.  In terms of the position of yellow in the 
melanin pathway, two different hypotheses have been proposed (Fig. 1.1): it may be 
essential for the production of either DOPA melanin (Walter et al., 1996; Wright, 1987) 
or dopamine melanin (Wittkopp et al., 2003; Wittkopp et al., 2002).  Our present results 
and another recent report (Liu et al., 2014) show that black pigment in the HW is 
dopamine melanin, suggesting that yellow may be involved only in dopamine melanin 
production.  
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Overall, our results show that the pigmentation functions of the five genes under 
study are regionalized in Oncopeltus.  This is in contrast with previous studies in 
Drosophila, Tribolium and Bombyx, where the depletion of ebony, black, tan, aaNAT, or 
yellow resulted in alteration of melanin patches throughout the body (Arakane et al., 
2009; Gibert et al., 2007; Jeong et al., 2008; Osanai-Futahashi et al., 2012; Tomoyasu 
et al., 2009; True et al., 2005; Walter et al., 1996; Wittkopp et al., 2002; Wright, 1987; 
Zhan et al., 2010).  Hence, the insight from Oncopeltus is that the entire melanin 
pathway can be split into different sections that are utilized in different body regions. 
In the present study, the regional patterns of melanin genes are observed from 
analyses at a whole-body scale.  To obtain a deeper comprehension of how complex 
melanin patterns are generated will require analyzing pigmentation genes at a finer 
morphological scale (such as a subregion of a segment).  Classical studies in 
Drosophila have shown that selector genes involved in a general anterior-posterior axis 
determination, such as hedgehog (hh), engrailed (en), and optomotor-blind (omb), also 
regulate melanin patterning in the abdominal segments (Kopp and Duncan, 1997; Kopp 
et al., 1997).  It is tempting to speculate that similar mechanisms may account for the 
presence of centrally positioned black rectangles on A3 and A4 segments in 
Oncopeltus.  Also, other axis determination mechanisms, especially medial-lateral, may 
also be involved in generating the black spots located on the lateral edges of each 
abdominal segment (Fig. 3.5A5).  Furthermore, it is interesting to note that hh and en 
regulate melanin genes in a cell-autonomous manner in Drosophila (Kopp et al., 1997).  
In contrast, melanin genes themselves can function non-autonomously, semi-
autonomously, or autonomously in different body regions (Borycz et al., 2002; Hanna, 
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1953; Hotta and Benzer, 1970; True et al., 2005; Wittkopp et al., 2002).  At present, we 
do not know if such region-specific cell autonomy of melanin genes may also account 
for production of regional color patterns observed in Oncopeltus.  Extending future 
studies in this direction will be required to gain a better understanding of the regulatory 
mechanisms that generate species-specific melanin patterns in insects in general. 
Region-specific employment of melanin genes 
To better understand the regional utilization of melanin genes, we provide a 
summary of the general principles that appear to guide melanin patterning (Fig. 3.11).  
In this summary we refer to a putative case as the “preliminary background”, in which 
only the basic enzymes required for melanin production, such as TH and DDC, would 
be active. In other words, none of the melanin promoting or suppressing factors function 
in such a background.  Under the first scenario, the “painting” mode would be utilized in 
a body region that lacks melanin patterns, such as the Oncopeltus abdomen that is 
predominantly orange.  The preliminary background in this case would be non-melanin, 
as most of the abdomen may not be capable of producing black pigments. The dark 
melanin is “painted” onto specific areas of this background, which requires melanin 
promoting factors (tan and yellow) to ensure the proper boundary and intensity of black 
patterns.  Under a second scenario, the “erasing” mode would apply to a body region 
where dark melanin is the predominant pigment (as observed in the head, thorax, and 
FW in Oncopeltus, as well as the body and wings of Periplaneta).  In this instance, the 
preliminary background would be fully melanized and the melanin suppressors such as 
ebony, black and aaNAT are utilized for “erasing” melanin production in a specific area 
or for lowering the overall melanin intensity.  In addition to situations where one of these 
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two modes is utilized exclusively, there are also regions in which the melanin promoting 
factors and suppressors can both play active roles, such as the HW in Oncopeltus 
where melanin and non-melanin subregions are equally distributed.  Under this 
scenario, the preliminary background is defined as a region undergoing melanization 
but lacking a proper level of intensity.  Finalizing the melanin patterns requires both the 
melanin-suppressing factor (aaNAT), which generates the non-melanin patches, and 
the melanin-promoting factor (yellow), which intensifies the dark color within melanin 
patches.   
In terms of their generality, these three scenarios can account for most of the 
functional results in the previously studied species.  The painting mode may be 
evidenced in the dark-colored pterostigma on the HW of Tribolium.  In that study, this 
specific black pattern becomes lighter in yellow RNAi individuals, whereas ebony RNAi 
has no effect on the flanking non-black subregions (Arakane et al., 2010; Tomoyasu et 
al., 2009).  The erasing mode may be evidenced in the butterfly Papilio, where the 
default fully melanized FW was observed in ebony mutant adults (Koch et al., 2000).  
Another example is the depletion of ebony or black in Tribolium, which results in the 
general blackening of the whole body (Arakane et al., 2009; Tomoyasu et al., 2009).  In 
addition to present results in Oncopeltus, the mixed mode has only been fully confirmed 
in Drosophila melanogaster, where functional analyses revealed that ebony and yellow 
contribute equally to both wing and body pigmentation (Gompel et al., 2005; Wittkopp et 
al., 2002).  In general, our summary of the principles of melanin patterning can serve as 
a practical framework explaining the diversity in melanin coloration observed in 
previously reported insects.  A broader taxonomic sampling in basal groups, from which 
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we can infer the ancestral melanin patterning, will be required to examine if this 
framework can be applied to a wider range of insect species. 
 
Fig. 3.11. Three proposed modes of insect melanin patterning, as illustrated by 
pigmentation in Oncopeltus. The final melanin patterns (right) are generated from the 
preliminary background (left) via different modes of melanin patterning.  In the head, 
thorax, and forewing, where the background is fully black, the non-melanin patches are 
generated by “erasing” the background.  In the abdomen where the background is non-
black, the melanin patches are “painted” onto the background.  A mixture of these two 
modes may be used in the hindwing, in which black is intensified in the melanin 
subregions, whereas melanin is suppressed in the non-black subregions.  
Acknowledgment 
We thank Victor Medved for help with cloning gene fragments in Oncopeltus. We 
also thank Mark VanBerkum, Patricia Wittkopp, William Branford, and two anonymous 
reviewers for helpful comments that greatly improved this manuscript.  This work was 
supported in part by NIH grant GM071927 to A.P. and WSU Rumble Fellowship to J. L.  
J.H.M.’s participation was facilitated by NSF grants IOS-0950416 and IOS-1354667 and 
a HITS grant from the Huck Institutes of the Life Sciences. 
  
61 
 
CHAPTER 4 PIGMENTATION PATHWAYS UNDERLYING ORANGE COLORATION 
IN INSECTS 
Introduction 
Pigmentation is one of the most variable traits of insect morphology, and is 
frequently involved in establishing the species-specific differences.  As such, studies of 
pigmentation have provided important insights into diverse biological processes, 
including sexual selection, photoprotection and predator avoidance (Wittkopp and 
Beldade, 2009).  While there are many different types of pigments, the three that are 
most common are melanin, ommochrome, and pteridine (Kato et al., 2006).  Among 
these three, melanin is the best studied and is responsible in generating black and 
brown colorations (Arakane et al., 2009; Arakane et al., 2005; Liu et al., 2014; 
Tomoyasu et al., 2009; True et al., 1999; Walter et al., 1996; Wittkopp et al., 2002; 
Wright, 1987; Zhan et al., 2010).  Mechanistically, melanin is processed by 
incorporating pigment molecules into the cuticle overlying the epidermal cells (Wittkopp 
and Beldade, 2009).  In contrast, the ommochrome and pteridine pigments are 
deposited in granules that are stored in specific cells (Ziegler, 1961).  While these two 
pigments have been mainly associated with eye coloration in Drosophila (Ewart and 
Howells, 1998; Linzen, 1974; Summers et al., 1982; Ziegler and Harmsen, 1970), their 
presence have also been detected in other body tissues and organs by biochemical 
detection and expression studies (Futahashi et al., 2012; Gao et al., 2013; Kato et al., 
2006; Morehouse et al., 2007; Nijhout, 1997; Reed and Nagy, 2005).  Currently, though, 
no functional studies have established the pigmentation roles of either of these 
pathways at a whole body scale level.  Furthermore, pigmentation studies in model 
systems have focused primarily on variation in a single pigmentation pathway.  With a 
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large number of species displaying a combination of various color patterns, 
comprehensive studies featuring multiple pathways are essential to further understand 
mechanisms generating the great diversity in pigmentation that is observed in nature.  
Here, we performed the functional analyses on both the ommochrome and 
pteridine pathways in the hemipteran Oncopeltus fasciatus to examine their functions in 
overall pigmentation.  This species is ideally suited for such a study due to its striking 
orange aposematic coloration that model species such as Drosophila or Tribolium are 
lacking.  By depleting the functions of the core genes in the ommochrome (vermilion, 
cinnabar, and scarlet; Fig. 1.2) (Reed and Nagy, 2005) and pteridine pathways (Punch, 
purple, white, and brown; Fig. 1.2)(Ewart and Howells, 1998; Kim et al., 2013), we found 
that each pathway is utilized in different body regions at different developmental stages.  
The ommochrome pathway is functioning exclusive in the eye coloration during post-
embryonic development.  In contrast, pteridine pathway is essential for both eye and 
body coloration starting from the embryonic stage, with a subsequent recruitment in the 
forewings.  The establishment of pteridine coloration occurs immediately after the 
melanization of cuticle, which overlies the pteridine pigments to form the final 
orange/black color patterns of Oncopeltus. These findings highlight the fundamental 
principles of coordinating multiple pigmentation mechanisms in a single species: 
stepwise formation of multi-layer colorations.  This insight can be generally applied to a 
wide range of species, providing a better understanding on the extraordinary diversity in 
insect color patterns observed in nature.  
Materials and Methods 
Cloning and Sequence Analysis of cDNA Fragments 
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Total RNA was extracted from mixed stages of Oncopeltus fasciatus embryos. 
This procedure, as well as the following cDNA generation, nested RT-PCR and cloning 
were performed regarding to Liu et al. (2016).  One or two reactions of PCR were 
performed to amplify the gene fragments.  The primers used for PCR cloning, as well as 
the lengths of the resulting cDNA fragments, are listed in Table 4.1.  The orthologies of 
these fragments were confirmed by phylogenetic analysis (Fig. 4.1).   
RNA interference (RNAi)  
 Preparation and injection of dsRNA were carried out following Liu et al (2016). 
For Punch, dsRNA was injected into early 5th nymphs due to the fact that injection 
carried out before this stage is causes failure in molting. For vermilion, cinnabar, scarlet, 
purple, white, brown and eya, dsRNA was injected consecutively in both 4th and 5th 
nymphal stages. For vermilion RNAi, 35 nymphs were injected and 22 successfully 
molted into adults. For cinnabar RNAi, 40 nymphs were injected and 30 molted to 
adults. For scarlet RNAi, 40 nymphs were injected and 30 molted to adults. For Punch 
RNAi, 45 nymphs were injected and 33 molted to adults.  For purple RNAi, 40 nymphs 
were injected and 34 molted to adults.  For white RNAi. 35 nymphs were injected and 
30 molted into adults.  For brown RNAi.  25 nymphs were injected and all molted to 
adults. For eya RNAi, 20 nymphs were injected and 13 molted into adults.   
Maternal RNAi was carried out following Chesebro et al. (2009).  Double-
stranded RNA of Punch and vermilion was injected into the abdomen of adult 
Oncopeltus females.  These females were reared in separate containers with a single 
male. Eggs clutches were collected on a daily basis and allowed to develop at room 
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temperature. In total, 643 vermilion RNAi 1st nymphs and 791 Punch RNAi embryos 
were observed.   
 Primers for PCR cloning Primers for RT-PCR Length of 
fragment  
Of-vermilion Forward: 5’ GCAGATCTTCCGAGATCCAG 3’ 
Reverse: 5’ CCTGATGAACCTCCTGTTCC 3’ 
Forward: 5’ TGAGCGACAAACTCTGGATG 3’ 
Reverse: 5’ GGCACCTTGAAATGCTTTGT 3’ 
967 bp 
Of-cinnabar Forward: 5’ GCCCAGAGGTCACTTTATGC 3’  
Reverse: 5’ CAAAACCGAGTCTTGCCATT 3’ 
Forward: 5’ TGAGAAGACAGGAACCGTTGT  3’ 
Reverse: 5’ GGCAGCCAATATTGTGGAAT 3’ 
616 bp 
Of-scarlet Forward: 5’ TCTGGCCTCAACTTCAGGAT 3’  
Reverse: 5’ CCACAAGCTGATGAAACCAA 3’ 
Forward: 5’ AGGTGCAGTGGAATCAGGAC 3’ 
Reverse: 5’ TGGAAAATGCAAACACGGTA 3’ 
1516 bp 
Of-Punch Forward: 5’ GGGCACTCCTAAGACCCCTA 3’  
                   5’ TCCAGGGAGTCAAAATGGAG 3’ 
Reverse:  5’ TCCCTTGTCTTTGGGTCATC 3’ 
                   5’ CTGAAGACCCCAAGCATTGT 3’ 
Forward: 5’ TCCAGGGAGTCAAAATGGAG 3’ 
Reverse: 5’ CTGAAGACCCCAAGCATTGT 3’ 
628 bp 
Of-purple Forward: 5’ TCCTTACCTATTGCATACCTCCA 3’ 
Reverse: 5’ TAAAGCAAGCTTGGGTCCTC 3’ 
Forward: 5’ CATAGCCCTCATTTGGGAGA 3’ 
Reverse: 5’ CTGTGGTGCTCACAACATCC 3’ 
356 bp 
Of-white Forward: 5’ GGCAAAACCACCCTACTGAA 3’  
Reverse: 5’ AGGGCTTCATTCCCGTACTT 3’ 
Forward: 5’ GCCAACATCTGGATTGGACT 3’ 
Reverse: 5’ TGTCAGTCCGGTACATTCCA 3’ 
1470 bp 
Of-brown Forward: 5’ TGTGATGAGCCTACGACAGG 3’  
                   5’ CACCAGCCAACTTCAGGAAT 3’ 
Reverse: 5’ GCCAGCCCAAGAAGATCATA 3’  
                  5’ TCAAAGCGTTCATCACAAGG 3’ 
Forward: 5’ CACCAGCCAACTTCAGGAAT 3’ 
 
Reverse: 5’ TCAAAGCGTTCATCACAAGG 3’ 
 1082 bp 
Of-eya Forward: 5’ AGCTTGCTCACTGGCTCCTA  3’ 
Reverse:  5’ TGTGAAGAGACTCGCCAGAA  3’ 
Forward: 5’ CCAGGTGCACATAGATGACG 3’ 
Reverse: 5’ ACGGGAAATTCATCTGCTTG 3’ 
704 bp 
Table 4.1. Primers for RT-PCR and the lengths of the obtained cDNA fragments of 
Oncopeltus genes.  Abbreviations: Of, Oncopeltus fasciatus. 
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Fig. 4.1. Phylogenetic analysis of ommochrome and pteridine pathway genes in 
Drosophila melanogaster and Oncopeltus facsiatus.  Phylogeny carried out using the 
Neighbor-Joining method based on amino acid sequences. Abbreviations: Of, 
Oncopeltus fasciatus; Dm, Drosophila melanogaster; v, vermilion; cn, cinnabar; st, 
scarlet; Pu, Punch; pr, purple; w, white; bw, brown.  
Image Processing 
Microscopy images were taken with SZX16 Microscope (Olympus) and DP72  
camera (Olympus).  To minimize the possible variation in the captured images, all of the 
microscope and camera settings were standardized: the images under a particular 
magnification were taken under the same light condition, aperture, exposure time, and 
white balance.  
RT-PCR Analysis 
Independent RT-PCR analyses on vermilion, cinnabar, scarlet, punch, purple, 
white, brown and eya were performed to determine the efficiency of our RNAi approach 
(Fig. 4.2).  Preparation of total RNA and cDNA were following Liu et al (2016).  Primers 
used for RT-PCR are listed in Table 4.1.  In addition, complementary RT-PCR analyses 
66 
 
on Punch and vermilion were performed on embryos from mixed stages (Fig. 4.3), 
which was carried out following Chesebro et al. (2009). 
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Fig. 4.2. RT-PCR analysis of RNAi depletion of targeted genes in 5th nymphs of 
Oncopeltus.  In all instances, the transcription levels of targeted genes are significantly 
reduced when compared to wild types. 
 
Fig. 4.3. RT-PCR analysis of embryonic RNAi against vermilion (v) and Punch (Pu) in 
Oncopeltus. 
Results 
Pigmentation functions of ommochrome genes in the eyes of adult Oncopeltus  
Unlike holometabolous insects such as Drosophila and Tribolium, where the 
adult eyes develop from imaginal discs during the pupal stage, hemimetabolous species 
such as Oncopeltus exhibit a gradual eye development.  The compound eyes are first 
formed in the first instar nymphs and are much smaller compared to the adult eyes.  At 
each subsequent nymphal stage, newly formed ommatidia are added into the medial 
margin of the old eye, which, in turn, increases the overall size of the eyes 
progressively.  Therefore, the adult compound eyes are composed of old ommatidia 
(formed prior to the last nymphal stage) together with the newly formed ommatidia (Fig. 
4.4A).  This phenomenon has been reported previously in the grasshopper, 
Schistocerca americana, which showed that the depletion of eye genes causes defects 
only in the newly formed ommatidia located at the medial margin of the eyes (Dong and 
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Friedrich, 2005, 2010).  Based upon this insight, if a gene is required for eye coloration 
in Oncopeltus adults, knocking down its function in the last nymphal stage would result 
in color changes in the newly formed medial region of the consequent adult eyes.  
The ommochrome pathway is best known for its role in the eye coloration (Beard 
et al., 1995; Dong and Friedrich, 2005; Dustmann, 1968; Lorenzen et al., 2002; Moraes 
et al., 2005; Quan et al., 2002; Sethuraman and O'Brochta, 2005; Summers et al., 
1982).  Functional analyses have shown that the depletion of essential ommochrome 
genes results in loss or reduction of eye coloration (Dong and Friedrich, 2005; Grubbs 
et al., 2015; Lorenzen et al., 2002; Summers et al., 1982).  To determine if and to what 
degree this pathway is involved in the dark red color in Oncopeltus eyes, we performed 
RNAi analyses targeting three principle genes in the ommochrome pathway: vermilion, 
cinnabar, and scarlet (Summers et al., 1982). As illustrated in Fig. 4.4, the resulting 
vermilion, cinnabar and scarlet RNAi adults all display similar phenotypes.  The 
coloration of the newly formed ommatidia showed a significant reduction in coloration, 
which turned into bright red (Figs 4.4C~4.4E, compare to 4.4B).  Such change in color 
observed in the freshly molted adults (Figs. 4.4C1, D1&E1), still persist after 24 hours, 
when these adults became fully melanized (Figs. 4.4C2, D2&E2). The observed 
changes in coloration are consistent with the observations in Drosophila eyes with 
mutation in ommochrome genes (Summers et al., 1982), indicating that the role of 
ommochrome pathway in eye coloration is consistent between Drosophila and 
Oncopeltus. 
Pigmentation functions of pteridine genes in the eyes of adult Oncopeltus  
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In the RNAi assays described above, the depletion of ommochrome pathway 
could not eliminate the coloration in the newly formed ommatidia, suggesting that other 
pathways are also involved in eye coloration of Oncopeltus.  The top candidate 
mechanism is the pteridine pathway, which also contributes to eye pigmentation in 
Drosophila (Summers et al., 1982; Ziegler and Harmsen, 1970).  More specifically, the 
pteridine pathway produces red pigments, which co-exist with the brown pigments 
produced by the ommochrome pathway thus forming the normal dark red eye coloration 
in flies (Summers et al., 1982; Ziegler and Harmsen, 1970).  Although classical 
Oncopeltus studies from 50 years ago suggested that both ommochrome and pteridine 
pathways contribute to eye coloration (Lawrence, 1970), this hypothesis has never been 
formally tested.  This was likely due to the fact that majority of the pteridine pathway is 
still unknown, with the exception of few essential genes, including Punch, purple, brown, 
and white (Ewart and Howells, 1998; Kim et al., 2013).  The former two genes govern 
the initial reactions of this pathway whereas the latter two are required for the assembly 
of pteridine granules (Ewart and Howells, 1998; Kim et al., 2013).  To determine the 
roles of pteridine pathway in the eye coloration of Oncopeltus, we performed RNAi 
analyses targeting these four putative genes and observed the their adult phenotypes.  
As illustrated in Fig. 4.4, in Punch and purple RNAi adults, no significant color change 
can be observed in the eyes (Figs 4.4F1&F2, 4.4G1&G2).   These results indicate that 
the genes governing the initial reactions of the pteridine pathway, such as Punch and 
purple, are not required for adult eye pigmentation.  Similar phenotype was also 
observed in brown RNAi adults (Fig. 4.5).  In contrast, with the depletion of white, the 
newly formed eye region showed reduction in color, which turns light brown in the fresh 
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adults (Fig. 4.4H1).  While this brown colored region became darker after melanization, 
it did not reach the same intensity observed in Punch and purple RNAi individuals 
(compare Fig. 4.4H2 to F2 or G2).  Such reduction in color is consistent with previous 
observations in Oncopeltus mutants with the loss of pteridine pigments (Lawrence, 
1970).  Taken together, our findings indicate that in Oncopeltus adults, proper 
establishment of eye coloration only requires the low hierarchical portion of the pteridine 
pathway. 
 
Fig. 4.4. Functions of ommochrome and pteridine genes in the coloration of adult eyes 
in Oncopeltus.  (A) The adult eyes of Oncopeltus are composed of old ommatidia 
formed prior to 5th nymphs (dark red), and newly formed ommatidia developed during 
the 5th nymhpal stage (bright red).  (B1-B2)  Wild type Oncopeltus adult eyes shown as 
before melanization (B1) and after melanization (B2).  Newly formed ommatidia are 
outlined.  (C1-C2) vermilion RNAi adults establish bright red in the newly formed eye 
region.  (D1-D2) cinnabar RNAi adults showed similar red color phenotype in the newly 
formed ommatidia.  (E1-E2) scarlet RNAi adults also showed red color phenotype in the 
newly formed eye region.  (F1-F2) Eye coloration in Punch RNAi adults was similar to 
wild type.  (G1-G2) In purple RNAi adults, coloration of the newly formed ommatidia 
appear to be wild type.  (H1-H2) In white RNAi adults, the newly formed ommatidia was 
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changed to brown.  The brown coloration is bright in the pre-melanization eyes (H1), 
which became dark in the fully melanized adults (H2). 
 
Fig. 4.5. brown RNAi does not reduce the eye coloration or the orange coloration in the 
body and forewing. The wild type coloration is shown as before melanization (A1-A4) 
and after melanization (A5-A8).  Upon depletion of brown, the eye and body orange 
colorations appear identical to those in wild type (B1-B8).  
Pigmentation functions of ommochrome and pteridine genes in the forewings of 
adult Oncopeltus  
The orange warning coloration in Oncopeltus is formed before melanization 
occurs (Figs. 4.6A1).  This is most apparent in the forewing (FW) featuring two orange 
patches: one in the proximal region and another in the middle of the wing (Fig. 4.6A1).  
These patches darken throughout the melanization process, reaching their full intensity 
of orange coloration only upon the completion of melanization (Fig. 4.6A2).   
If the ommochrome and pteridine pathways are involved in these orange 
pigments, we expect to observe a reduction in orange coloration in the relevant RNAi 
adults.  As illustrated in Fig 4.6, in adults with depleted ommochrome genes, the orange 
patches on the FW remain identical to those in wild type, both before and after 
melanization (Figs. 4.6B~D, 4.7).  These findings establish that ommochrome pathway 
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does not contribute to the orange coloration in FW of Oncopeltus.  In contrast, in adults 
with RNAi against pteridine genes including Punch, purple and white, we observe a 
severe reduction in orange coloration in the pre-melanization FWs (Fig. 4.6E1, F1&G1).  
This result indicates that these orange patches are produced via the pteridine pathway.  
However, this phenomenon was not observed in brown RNAi adults, suggesting that 
brown might not be involved in pteridine coloration in Oncopeltus (Fig. 4.5, 4.7).  After 
melanization, the RNAi of pteridine genes resulted in different coloration effects.  In 
Punch RNAi FW, in addition to the reduction of orange coloration, we also observed a 
great reduction in black coloration, indicating that Punch is also required for proper 
melanization (Fig. 4.6E2).  This is likely due to the fact that Punch is critical for the 
production of an essential cofactor of tyrosine hydroxylase (TH), the initializing enzyme 
of the melanin pathway (Chen et al., 2015; Kato et al., 2006).  Similar defects were not 
observed in purple and white RNAi adults.  Instead, the black melanin regions in the 
FWs of these adults were similar to wild type (Figs. 4.6F2&G2), suggesting that purple 
and white are not essential for melanization.  At the same time, the orange patches in 
these FWs became light yellowish, displaying significantly lighter coloration than wild 
type (Figs. 4.6F2&G2, 4.7).  Such reduction in color intensity may be due to the 
absence of pteridine pigments, as shown by the pre-melanized wings (Figs. 4.6F1&G1).  
Under such circumstances, the remaining light yellow pigments, which are established 
after melanization process, are likely to be produced by the melanin pathway as was 
suggested by previous observations in Oncopeltus (Liu et al., 2014).  This further 
corroborates the idea that orange coloration in Oncopeltus FW requires input from two 
distinct pigmentation mechanisms: the pteridine pathway and melanin pathway.  
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Fig. 4.6. Functions of ommochrome and pteridine genes in the orange coloration of 
adult forewings (FW).  (A1) Orange patterns are visible in the FW.  (A2) After 
melanization, the orange coloration becomes darker.  (B1-B2) The orange coloration in 
vermilion RNAi FW was similar to the wild type.  (C1-C2) The FW coloration in cinnabar 
RNAi appeared identical to wild type.  (D1-D2) The orange coloration in scarlet RNAi 
FW did not establish noticeable difference from those in wild type adults.  (E1-E2) The 
orange coloration was significantly reduced in Punch RNAi FW.  Also, the melanization 
is reduced in these wings as well (E2).  (F1) The initial orange coloration in the pre-
melanization FW is significantly reduced upon depletion of purple.  (F2) The orange 
patches in the FW became yellowish in the fully melanized purple RNAi adults.  (G1) 
The orange coloration were significantly reduced in white RNAi FW prior to 
melanization.  (G2) In fully melanized white RNAi adults, the FW orange coloration 
became light yellow.   
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Fig. 4.7. The magnified views of the orange subregions surrounding the medial veins of 
the forewing. Only the depletion of Punch, purple and white caused a significant 
reduction in orange coloration. 
eya is not a candidate gene for controlling fore wing pigmentation 
Our previous assays have already shown that the pteridine pigment is present in 
both eyes and wings in Oncopeltus.  It is possible that the wing orange patches are 
regulated by the co-option of eye development network, which was proposed to have 
occurred in lepidopterans (Monteiro, 2012).  This hypothesis postulates that, at least 
one of the retinal determination (RD) genes (eyeless, twin of eyeless, eyes absent, sine 
oculis, dachsous and optix; Fig. 4.8) would also be expressed in the developing wings.  
By analyzing a recently published wing transcriptome of Oncopeltus (Medved et al., 
2015), the gene at the top hierarchical position of the RD network that we could find is 
eyes absent (eya), whereas the transcripts of eyeless, twin of eyeless, sine oculis and 
optix were not detected.  In addition, recent studies have found that eya is also required 
for the development of pigment cells containing pigment granules (Karandikar et al., 
2014; Takagi et al., 2012).  Taken together, it is tempting to speculate that the 
establishment of pteridine coloration in the FW of Oncopeltus might be regulated by the 
eya.  To test this hypothesis, we knocked down eya using RNAi.  The resulting adults 
had severe defects in their eyes and also reduction in their two dorsal ocelli (Figs. 
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4.8C1&C2, 4.8D1&D2).  However, the orange patterns in the FW remained identical to 
wild type (Figs. 4.8C3&D3, 4.7).  These results clearly show that while eya is essential 
for eye development in Oncopeltus, it is not involved in wing coloration despite its 
elevated expression in the FW.  This in turn, suggests that the orange wing coloration in 
Oncopeltus is not due to the co-option of eye network, but instead is a wing-specific 
process.   
 
Fig. 4.8.  Effects of RNAi against eya in the eyes and forewings of Oncopeltus adults. 
(Left) The classical eye regulatory network, redrawn based upon (Li et al., 2013).  (A1-
A3) The eye and forewing (FW) coloration in the pre-melanized wild type adults.  The 
dorsal oceli were shown from the dorsal view of the head (arrows in A1).  (B1-B3) The 
eye and FW colration in the fully melanized adults.  (C1-C3) The eya RNAi adults 
establish a reduction of dorsal oceli (arrows in C1), a severe defect in the eyes (C2), 
whereas the FW coloration was normal (C3).  (D1-D3) Such phenotype persist in the 
fully melanized eya RNAi adults.  The dorsal oceli were not visible (arrows in D1), the 
eyes were defected (D2), however the FW coloration was similar to wild type (D3) 
Despite the fact that we did not observe noticeable changes in the FW of eya 
RNAi adults, we cannot rule out the possible contributions to wing morphology by this 
gene.  A previous study in Tribolium found that eya is involved in the development of a 
wide range of morphological traits, including the elytra (Yang et al., 2009).  These 
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functions of eya are processed during early-mid post-embryonic stages.  Currently, 
however, RNAi performed at the equivalent stages in Oncopeltus is lethal (Chesebro et 
al., 2009).  Future studies with improved functional approaches would be required to 
validate the exact functions of eya in the wings in this species.   
Pigmentation functions of ommochrome and pteridine genes in the body of adult 
Oncopeltus  
In addition to the FW, orange coloration also exists throughout the body of 
Oncopeltus adults and nymphs (Fig. 4.9A1~A4).  The body orange coloration can be 
observed in the freshly molted adults (Fig. 4.9A1&A2), which becomes darker after 
melanization (Fig. 4.9A3&A4). To determine the involvement of the ommochrome and 
pteridine pathways in the body orange coloration, we observed the analyzed gene’s 
RNAi adults.  In individuals with depletion of ommochrome genes, no noticeable 
reduction was observed in the body orange coloration, either before or after 
melanization (Figs. 4.9B~D).  This result shows that ommochrome pathway is not 
involved in body orange coloration of Oncopeltus adults.   
In contrast, RNAi targeting different pteridine genes resulted in a range of effects 
in body orange coloration.  In the freshly molted Punch RNAi adults, no reduction in the 
body orange coloration was observed (Fig. 4.9E1&E2).  Later on, though, the black 
coloration is significantly reduced in these individuals (Fig. 4.9E3&E4).  Such reductions 
in melanin coloration indicate that Punch is required for proper body melaninzation in 
Oncopeltus adults.  This lack of input from melanization resulted in an overall bright 
orange color in these individuals, similar to that in the pre-melanized adults (Figs. 
4.9E3&E4, compared to 4.9E1&E2).  Unlike the Punch RNAi, the resulting adults from 
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purple RNAi were similar to wild types, showing no noticeable effect in orange or 
melanin coloration in their bodies, similar to the wild type (Figs. 4.9F1~F4).  In white 
RNAi adults, we observed a significant reduction in body orange coloration before (Figs. 
4.9G1&G2) and after melanization (Figs. 4.9G3&G4), whereas the melanin coloration 
was generally unaltered (Figs. 4.9G3&G4).  Therefore, the overall brighter orange 
coloration in these individuals are likely due to the lack of pteridine pigments, indicating 
that white is essential for establishing pteridine coloration in the bodies of Oncopeltus 
adults.  Hence, unlike the situation in the FW, where the entire pathway is required, the 
body coloration relies primarily on the genes at low hierarchical positions of the 
pathway, especially white. 
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Fig. 4.9.  Functions of ommochrome and pteridine genes in the orange body coloration 
of Oncopeltus adults.  (A1-A2) The orange coloration has been established prior to 
melanization, as shown on both dorsal (A1) and ventral (A2) sides.  (A3-A4) The overall 
orange coloration becomes darker in the fully melanized adults.  (B1-B4) vermilion RNAi 
adults showed normal orange coloration in the bodies of adults.  (C1-C4) cinnabar RNAi 
adults established wild type orange body coloration.  (D1-D4) Body orange coloration in 
scarlet RNAi adults was similar to wild type.  (E1-E4) The coloration of Punch RNAi 
adults.  Note that these individuals were not able to completely shed their exoskeleton, 
therefore the wings could not extend completely. The remaining exoskeleton was then 
manually removed to show the coloration of the molted adults.  (E1-E2) The orange 
coloration in the body of pre-melanized Punch RNAi adults appeared to be wild type.  
(E3-E4) The melanization was significantly reduced in Punch RNAi adults.  (F1-F4) 
purple RNAi adults established normal body orange coloration.  The wing orange 
coloration became light yellowish in the fully melanized adults (F3). (G1-G2) The overall 
body coloration in the pre-melanized white RNAi adults was changed to light yellow.  
(G3-G4) The orange coloration in the body of white RNAi became yellowish. 
Pigmentation roles of ommochrome and pteridine pathways in the 1st nymphs of 
Oncopeltus 
In all of the previously described post-embryonic RNAi assays, we could not 
completely deplete the ommochrome or pteridine coloration in the eyes or body.  It is 
worth noting that between adjacent stages, only the melanin patterns are shed together 
with the exoskeleton (Fig. 4.10).  In contrast, the eye and body colorations are all 
retained into the next developmental stage.  In other words, a large portion of the eye 
and body coloration is actually “inherited” from the previous nymphal stages.  In fact, the 
red color in the eyes and the orange coloration in the body can be observed in the 
earliest developmental stages.  As illustrated by Fig. 4.11A1, in the embryos that are 5 
days old, the body is already orange/red in color, becoming darker as these embryos 
turn into the 1st nymphs (Fig. 4.11A2).  Similar phenomenon is observed in the eyes of 
the embryos (Fig. 4.11A1’) and 1st nymphs as well (Fig. 4.11A2’). To test whether the 
ommochrome and pteridine pathways are involved in embryonic and early nymphal 
coloration, we performed maternal RNAi to deplete these two pathways.  To ensure that 
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the entire pathways are completely turned off, we targeted the genes that are the main 
“switches” initializing each pathway: vermilion and Punch (refer to Fig. 1.2).  
Upon depletion of vermilion, the body and eye colorations of 5-day embryos were 
similar to that of the wild type (Figs. 4.11B1&B1’).  Similarly, the resulting 1st nymphs 
appeared to be wild type as well (Figs. 4.11B2&B2’).  These results indicate that 
vermilion is not required for eye or body coloration in the early developmental stages of 
Oncopeltus.  Therefore, the ommochrome coloration does not contribute to coloration at 
this early stage.   
 
Fig. 4.10. The remaining exoskeleton of the 5th nymphs after molting into adults. Only 
black patterns are shed away with the exoskeleton.  
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Fig. 4.11.  Functions of vermilion and Punch in the eye and body coloration during early 
developmental stages. (A1) Eye coloration and body orange coloration are visible in 5 
days old embyros.  (A1’) Zoom-in view of the eye, showing partial establishment of the 
eye coloration.  (A2) The body coloration in wild type 1st nymphs, with (A2’) showing the 
lateral view of the compound eyes. (B1&B1’) The eye and body coloration of 5 day old 
vermilion RNAi embryos were similar to the wild type.  (B2&B2’) vermilion RNAi 1st 
nymphs showed normal coloration in body (B2) and eye (B2’). (C1&C1’) 5 days old 
Punch RNAi embryos established a severe reduction in body coloration, also the eye 
coloration is barely visible.  
In contrast, the 5-day Punch RNAi embryos display a severe loss of body 
coloration, which turned into light yellowish (Fig. 4.11C1).  In addition, we also observed 
a significant reduction in the red eye coloration, which is barely visible (Fig. 4.11C1’).  
Unfortunately, as these individuals can not complete the embryogenesis, we could not 
extend the phenotypic analysis into the 1st nymphs.  Despite this, our observations are 
sufficient to demonstrate that pteridine coloration is essential for both eye and body 
coloration during Oncopeltus embryogenesis.  Furthermore, the establishment of 
orange coloration requires the activation of the entire pathway starting from its 
initialization step that is catalyzed by Punch, similar to the findings in the FW of the 
adults.   
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Discussion 
The functions of ommochrome in the coloration of Oncopeltus 
In this study, we performed the first comprehensive functional analysis on the 
core genes within both the ommochrome and pteridine pathways using RNAi.  This 
approach has been confirmed to be very effective, consistently resulting in a systemic 
response that allows one to analyze the contributions of relevant genes across the 
whole body (Liu et al., 2016).  Here we document the presence of diverse phenotypes in 
eyes, wings, and the bodies, indicating that the ommochrome and pteridine genes are 
utilized differently in different body regions.  
Ommochrome is primarily known as the brown pigment that is exclusively found 
in the eyes of Drosophila and Tribolium (Lorenzen et al., 2002; Summers et al., 1982).  
More recent studies have also shown the presence of ommochrome in the wings of 
several lepidopteran species, whereas its existence in the eyes remains to be verified 
(Nijhout, 1997; Reed and Nagy, 2005).  Combined together, none of these studies have 
clarified whether or not in one single individual, the ommochrome pathway is capable of 
functioning in the pigmentation of both eyes and wings, or whether it can extend to other 
body regions.  In the present study on Oncopeltus, we show that the depletion of both 
the synthesis (vermilion and cinnabar) and transporter (scarlet) genes, results in bright 
red color change in the newly formed ommatidia in the adult eyes (Fig. 4.4).  However, 
no effect on the orange coloration of the wings or body was observed in any of these 
three instances (Fig. 4.6&4.9).  These results show that the pigmentation function of the 
ommochrome pathway is restricted to the eyes during post-embyronic development.  In 
addition, our embryonic RNAi against vermilion had no effect in eye coloration (Fig. 
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4.11), suggesting that the ommochrome pathway does not contribute to the eye 
pigmentation at this earliest developmental stage. Taken together, we can infer that 
while ommochrome is an eye exclusive pigment in Oncopeltus, its function is restricted 
solely to post-embryonic development.    
The functions of pteridine genes in the coloration of Oncopeltus 
In contrast to ommochrome, pteridine is required for eye coloration early during 
embryonic development in Oncopeltus.  The depletion of pteridine pathway resulted in a 
severe reduction in eye color in embryos (Fig. 4.11), which shows that this pathway 
plays a critical role in initialization of eye pigmentation.  In the post-embryonic RNAi 
assays, depletions of pteridine synthesis (Punch and purple) and transporter (white) 
genes caused different alterations in pigmentation among different body regions.  In the 
newly formed ommatidia, only white RNAi adults showed a reduction in color (Fig. 4.4).  
In summary, while the eye coloration during embryonic development requires the entire 
pteridine pathway, only its lower hierarchical portion is required in adults.  Similar 
differences in utilization of pteridine pathway are observed in regard to body coloration 
as well.  white RNAi showed a significant reduction in orange coloration in the adult 
body, whereas such effects are not detected in Punch and purple RNAi individuals (Fig. 
4.9).  In contrast, embryonic knockdown of Punch is sufficient to deplete the orange 
body coloration (Fig. 4.11).  
Unlike the above observations, the orange patches of the FW require both 
pteridine synthesis and transporter genes.  The pre-melanized FWs showed similar 
reduction under the depletion of Punch, purple and white (Fig. 4.6).  These observations 
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suggest that the entire pteridine pathway must be active to produce the orange patterns 
of the FW.   
Based on these findings, the pteridine pathway may be utilized in two different 
fashions in Oncopeltus.  Under the first scenario, if the orange/red coloration is 
initialized from a colorless background (such as in the embryos or FW), the pteridine 
pathway has to be turned on from the beginning.  In contrast, in the second scenario (as 
was observed in the newly eclosed adults), the previously produced pteridine pigments 
are still retained in the eyes and body.  Therefore, the establishment of adult eye and 
adult body coloration is more of a process of maintenance and expansion.  Under such 
circumstances, the pteridine pathway does not have to be turned on from the beginning.  
Instead, starting from an intermediate step might be sufficient for proper coloration of 
the body and the eyes.  At present, though, we can not identify the exact step that is 
turned on in the latter scenario due to the general lack of knowledge of the pteridine 
pathway.  A better characterization of this pathway will be critical for better 
understanding of its role in insect coloration during embryonic and post-embryonic 
development. 
The changes in the roles of ABC transporters in eye coloration 
Previous studies have reported that three ABC transporters (Scarlet, White, and 
Brown), are essential for eye coloration in Drosophila (Ewart and Howells, 1998).  More 
specifically, Scarlet and White work jointly in ommochrome coloration, whereas White 
and Brown are both required for pteridine coloration (Ewart and Howells, 1998)(Fig. 
1.2).  However, in the present study we observed that only Scarlet is essential for 
ommochrome coloration, while White serves exclusively in the pteridine pathway (Fig. 
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4.4).  These findings suggest that in Oncopeltus, Scarlet and White work as the sole 
transporters for ommochrome and pteridine pathways, respectively.  The observed lack 
of contribution of Brown in Oncopeltus pigmentation is consistent with previous reports 
in Tribolium (Grubbs et al., 2015), suggesting that its recruitment in this process may 
have occurred only in later derived groups such as flies.  
The wing and body color patterns in Oncopeltus require both pteridine and 
melanin pathways 
Present RNAi study in Oncopeltus shows that melanization in the body and FW 
is severely reduced under the knockdown of the pteridine initializing gene, Punch (Figs 
4.6&4.9).  This finding is consistent with a previous report that Punch is required to 
produce co-factors for the melanin pathway (Kato et al., 2006).  Moreover, in the wings 
with depletion of pteridine pigments, melanin pathway is able to generate bright yellow 
coloration in the non-black patches (Fig. 4.6&4.7).  This yellow pigment is likely to be 
produced by the NBAD branch of the melanin pathway (Liu et al., 2016; Wittkopp et al., 
2002; Wright, 1987).  Such insight furthers the hypothesis that melanin pathway 
functions as a secondary contributor to the orange pigmentation in Oncopeltus (Liu et 
al., 2014).  It is worth noting that even when melanin and pteridine pigments are both 
present in the same orange region, they are deposited in different layers.  The melanin 
products are directly incorporated into the non-cellular cuticle, whereas pteridine 
coloration is stored in the underlying cells (Wittkopp and Beldade, 2009; Ziegler and 
Harmsen, 1970).  Therefore, the color patterns in Oncopeltus FW is generated by the 
products from one pathway overlying those from another: melanin in the cuticle, and 
pteridine in the underneath tissue.  Such “overlay” is also present in the body of 
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Oncopeltus.  The orange pteridine coloration is visible throughout the head, thorax, and 
abdomen during eclosion (Fig. 4.9). Later on, black patterns are produced, overlying the 
majority of the orange regions in the head and thorax, and to a much lesser degree in 
the abdomen (Fig. 4.9).  
Summary of adult coloration in Oncopeltus 
 We have identified and characterized three pathways underlying the coloration in 
Oncopeltus adults: pteridine, melanin, and ommochrome.  The contributions of these 
pathways are illustrated in Fig. 4.12.  In freshly molted adults, the initial orange 
coloration is produced by the pteridine pathway, which also partially contributes to the 
eye coloration (Fig. 4.12A).  At the same time, individual substrates produced by the 
pteridine pathway (such as tetrahydrobiopterin, BH4) also act as essential co-factors for 
the TH (Kato et al., 2006).  This, in turn, activates the melanin pathway and initializes 
melanization.  During this process (Fig. 4.12B), the melanin pathway produces black 
patches, yellow sclerotin that overlies the pteridine colorations, and colorless sclerotin 
that covers the proximal half of the hindwing.  Hence, the body and wing color patterns 
are finalized by the cooperation of the pterdine and melanin pathways.  Throughout the 
adult coloration process, the pigmentation function of the ommochrome pathway is 
restricted in the eyes, which appears to be independent of the other two pathways (Fig. 
4.12A).  Overall, the coloration process in Oncopeltus adults is a stepwise, multi-layer 
system that requires the inputs from three distinct pathways.  This finding reveals a 
general principle of how complex color patterns, commonly observed across a wide 
range of species in nature, are produced in insects. 
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Fig. 4.12 Summary of the contributions by the pteridine, melanin, and ommochrome 
pathways to the adult color patterns of Oncopeltus.  The color blocks represent the 
components in the patterns with specific body regions of freshly molted (A) and fully 
melanized adults (B). The underneath “+” indicates input from a specific pathway.  
Coloring insects: decoration and glazing 
To better demonstrate the stepwise coloration of insects featuring multiple 
pathways, here we propose the two-layer model that utilizes porcelain painting as a 
reference (Fig. 4.13).  First step, the “decorating”, takes place prior to cuticle 
sclerotization, during which coloration is established in a particular tissue.  This is 
followed by the second step, “glazing”, when the cuticle is formed to provide a overlying 
protective layer, with possible incorporation of other pigments such as melanin.  
Depending on the choice of a color and its character (whether it is incorporated into the 
cuticle or not), the contributions of decoration and glaze would vary among different 
species.  Based upon how these two steps are utilized to establish final coloration, we 
propose that the insect pigmentation process can be categorized into three different 
types (Fig. 4.13).  In the first case, the “underglaze” mode, color patterns are well 
established within the decorating step, whereas the overlying glaze is mainly colorless 
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and transparent.  In contrast, in the second “inglaze” mode, colorations are generated 
primarily by the glaze, whereas little to no decoration is applied under the glaze.  
Alternatively, these two strategies can be combined in the third “overlay” mode.  These 
three modes can be easily distinguished from one another by observing their colorations 
during eclosion.  If the coloration of an insect is completed by eclosion, with little to no 
change later (such as in pea aphids and green katydids), this specie would undergo the 
“underglaze” mode.  In contrast, if an insect is generally colorless by eclosion, and 
becomes pigmented after cuticle sclerotization (such as American cockroaches and two 
spotted field crickets), it belongs to the “inglaze” category.  In addition, the “overlay” 
insects such as Oncopeltus and ladybugs display partial coloration upon eclosion, which 
is finalized following cuticle sclerotization.  Precise identification of each mode will 
provide essential information for understanding the coloration of a species, including 
when the color is produced, whether the coloration is single- or multi-layered, as well as 
in which layer a specific color is present.  This insight will be especially useful for 
pigmentation studies focusing on regulatory mechanisms, since one specific 
mechanism can regulate the decorating (body tissue coloration), or the glazing 
(cuticular coloration), or both steps in a tandem.  Such multi-layer concept will in turn 
enable the comprehensive understanding of the extraordinary diversity in insect 
coloration that is observed in nature.   
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Fig. 4.13. The three proposed types of insect coloration.  The “decorating” of body 
tissue is processed first (Left), followed by the “glazing” provided by the overlying cuticle 
(Right).  The coloration of “underglaze” type insects is primarily generated during 
decorating.  The “inglaze” type insects establish their coloration by glazing.  In the third 
type, “overlay”, the final coloration requires contributions from both decorating and 
glazing.  
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APPENDIX 
APPENDIX A. TH, DDC, ebony and yellow contribute to the black color patterns in 5th 
nymphs of Oncopeltus. (A1&A2) Wild type 5th nymphs of Oncopeltus. (B1&B2) TH 
RNAi causes loss of black coloration. (C1&C2) DDC RNAi causes a reduction in black 
coloration. (D1&D2) ebony RNAi resulted in expansion of black coloration in the thorax, 
but not in the abdomen. (E1&E2) yellow RNAi reduced the overall intensity of black 
patches, and reduced the sizes of black spot on the dorsal abdomen (E1).  
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APPENDIX B. ebony RNAi altered the color patterns of the lateral bristles the 
abdominal segments of Oncopeltus adults. (A) The black patterns on the dorsal side of 
the abdomen. (B) The magnified view of lateral black patches of dorsal A4 segment. (C) 
In ebony RNAi adults, the transparent bristles become black colored.  
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APPENDIX C. Among the ommochrome and pteridine genes, only Punch affects the 
color patterns of the hindwings.  The hindwings of vermilion (B), cinnabar (C), scarlet 
(D), Punch (E), purple (F), white (G), brown (H) RNAi adults are shown.  Only the 
depletion of Punch significantly reduced the black coloration of the hindwing due to the 
lack of input from melanization (E).  
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APPENDIX D. apterous-a (ap-a) RNAi caused defects in the forewings of Oncopeltus 
adults.  (A-A2) The wild type Oncopeltus adults, shown as the whole bug (A), forewing 
(A1) and hindwing (A2).  (B-B2) ap-a RNAi adults possess thinner and overall brighter 
forewings (B1), whereas hindwings appear similar to wild type (B2).  
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APPENDIX E. silver (svr) RNAi resulted inflated wings in Oncopeltus adults.  (A-A1) 
The dorsal and lateral views of wild type Oncopeltus adults. (B-B1) Depletion of silver 
causes failure in expansion of hindwings and inflation of the proximal half of both the 
forewings and hindwings. (B2) Magnified view of the blue rectangle in (B), showing the 
inflation of hindwings. 
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APPENDIX F. achaete-scute homolog (ASH) is responsible for bristle development of 
Oncopeltus adults. ASH RNAi causes loss of bristles, as shown in the dorsal surface of 
the forewings and ventral surface of the abdomen.  
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APPENDIX G. homothorax (hth) is expressed in the body and proximal regions of the 
appendages in Gryllus bimaculatus embryos.  As illustrated by in situ hybridization, hth 
transcripts are detected throughout the body. In the developing leg buds, the expression 
of hth is restricted to the proximal region, which remains consistent throughout stage 8 
(A), stage 9 (B), and stage 10 (C). 
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APPENDIX H. dachshund (dac) is primarily expressed in the middle regions of the 
developing legs in Gryllus bimaculatus embryos.  All panels show the results of in situ 
hybridization using dac probe.  (A) At stage 8, dac is expressed as an anterior patch in 
the middle region of the developing leg buds.  (B) At stage 10, the expression of dac 
becomes rings surrounding the middle portions of the leg buds. In addition, the 
expression in T3 leg is higher in T3 leg compared to T1 and T2 counterparts. (C) At 
stage 11, the dac expression domain breaks into two separated rings, which are located 
in the putative femur and tibia segments of the leg buds.  
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APPENDIX I. Delta (Dl) is expressed at boundaries between segments of appendages 
in Gryllus bimaculatus embryos.  All panels show the results of in situ hybridization 
using Dl probe.  (A) At stage 8, Dl is expressed in three patches in the developing leg 
buds. Also, in the developing antennae, Dl expression is detected as three rings 
marking the boundaries between putative segments.  (B&C) At stage 10, the expression 
of Dl is detected as rings that separate the putative leg segments.  
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APPENDIX J. Sex comb reduced (Scr) is expressed in the labial and T1 segments of 
Tenodera sinensis embryos.  All panels show the results of in situ hybridization using 
Tenodera Scr probe.  (A) In early embryos, Scr is expressed in the developing buds of 
the labial segment. (B) Later at early-mid stage, Scr expression is detected throughout 
the labial segment, which also expands into the body of the T1 segment. The T1 leg 
bud is magnified in (C), showing two anterior patches of Scr expression in the middle-
distal region of the developing T1 leg.  
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APPENDIX K. Depletion of Scr did not alter the expression pattern of Antennapedia 
(Antp) in Periplaneta americana embryos.  All panels show the results of antibody 
staining of Antp protein.  (A&B) Wild type embryos at day 7 show the expression of Antp 
as anterior patches located in the middle of the developing T2 and T3 legs, but not in T1 
leg counterparts. (C&D) In day 8 embryos of Scr RNAi embryos, Antp is highly 
expressed in the putative femur and tibia segments in T2 and T3 legs, while the level of 
expression is much lower in T1 legs.  
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 Insects display the extraordinary amount of morphological variation, particularly 
in regard to their colorations.  This diversity in coloration exists both in terms of the array 
of colors as well as the patterning of pigments.  Previous studies have revealed that 
melanin, ommochrome, and pteridine are the most common pigments constituting 
insect color patterns.  Among these three, the melanin pathway has been best studied 
so far and presents the foundation of the current understanding of insect coloration.  At 
the same time, though, most of this insight relied on work performed in model systems 
such as Drosophila and Tribolium, which have significant limitations in their color 
palettes. Our knowledge on the roles of the melanin pathway in aposematic coloration, 
which is possessed by a wide variety of non-model insects, remains extremely limited.  
Other than the melanin pathway, functional studies on ommochrome and pteridine 
pathways have primarily focused on the eyes, whereas their roles in overall body 
coloration are much less understood.  Furthermore, because these three pigmentation 
mechanisms have traditionally been studied separately from each other, it is still 
unknown how they are coordinated in a single species.  Presently, there are significant 
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gaps within single pigmentation pathways, between different pathways, as well as 
between model and non-model insects, all of which limits our general understanding of 
evolution and diversity of coloration in insects.  
To address such lack of knowledge, in this dissertation we performed a 
comprehensive analysis involving all three major pigment pathways in Oncopeltus 
fasciatus (milkweed bug), a hemimetabolous insect featuring distinct orange/black 
aposematic color patterns.  We first analyzed the pigmentation roles of the core melanin 
genes (TH, DDC, lac2, ebony, tan, yellow, black, and aaNAT) using RNAi.  We found 
that although the melanin pathway is generally conserved in Oncopeltus, the pathway is 
employed differently between body regions.  Based upon these findings, we proposed 
that melanin coloration can be processed in two distinct modes, “painting” and “erasing”, 
depending on the overall coverage of dark coloration in a specific body region.  These 
principles of melanin patterning can be generally applied to most of the previously 
studied species, which in turn provides a practical framework for future studies on a 
wider range of insects.  In addition to the melanin pathway, we also determined the 
roles of core ommochrome (vermilion, cinnabar, and scarlet), and pteridine genes 
(Punch, purple, and white) in the coloration of Oncopeltus.  Our results show that the 
pigmentation roles of ommochrome pathway is restricted to the nymphal and adult eyes, 
whereas the contributions of pteridine pathway extend into the forewings and the body.  
Our latter results are especially interesting, indicating that the pteridine pathway can be 
utilized differently between embryonic and postembryonic stages.  In addition, we found 
that the overall orange/black color patterns of Oncopeltus are formed by a two-
component overlay: pteridine pigments in the body tissue and melanin coloration in the 
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cuticle.  Such multi-layer concept provides a novel insight into the coloration of insects 
with complex color patterns that are commonly observed in nature.  Overall, our work 
has now established Oncopeltus as a new system for pigmentation studies, and laid out 
the foundation for future studies focusing on the regulatory mechanisms.  
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